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I SUMMARY OF RESULTS 
The Space  Shut t le  Vehic le  miss ions  w i l l  encompass a broad range of  operat ing 
cond i t ions   t h roughou t   l aunch ,   o rb i t a l ,   and   l and ing   ope ra t ions .  The r e q u i r e -  
m e n t s  f o r  t h e  a u x i l i a r y  power u n i t s  (APU) to  supp ly  hydrau l i c  and  e l ec t r i ca l  
power du r ing  c r i t i ca l  maneuver ing  s t ages  o f  t he  mis s ion  are unique. The APU 
must  per form re l iab ly  and  sa t i s fac tor i ly  under  vary ing  envi ronments  and  duty  
c y c l e s  e v e n  a f t e r  p e r i o d s  o f  l o n g  o r b i t a l  dormancy. Yet by t h e  v e r y  n a t u r e  o f  
t h e  a p p l i c a t i o n ,  t h e  APU must  provide the highest  possible  performance with 
a minimum weight.  The Space  Shu t t l e  Aux i l i a ry  Power U n i t  p r e s e n t e d  i n  t h i s  
summary r e p o r t  meets t h e s e  r e q u i r e m e n t s  i n  t h e  s p e c i f i c  f o r m  as a r e s u l t  o f  
pr imary operat ional  and non-operat ional  c r i t e r i a  appl ied  throughout  the  
component,   subsystem,  and  system  level  analysis  and  design. 
! 
The Space  Shu t t l e  APU was des igned  wi th  the  p r imary  c r i t e r i a  as l i s t e d  i n  
Fig 4, page 2 , F l e x i b i l i t y   a n d   v e h i c l e   a d a p t a b i l i t y  re la te  t o   t h e  
a p p l i c a t i o n  of t h e  APU i n  a veh ic l e  unde r  the  va r ious  ope ra t ing  cond i t ions  
which may be expected to be imposed under the wide range of missions anticipated.  
The APU mus t  be  adap tab le  to  the  va r ious  veh ic l e  concep t s  unde r  eva lua t ion  
including  those  which may evo lve   f rom  p re sen t   veh ic l e   s tud ie s .   Sa fe   ope ra t ion  
of  the  APU i s  r e l a t e d  t o  p r o v i d i n g  a n  APU which w i l l  never have a f a i l u r e  o f  
the  type  which  can  cause damage t o  t h e  v e h i c l e  i t s e l f .  A l l  APU f a i l u r e s  
must r e s u l t  i n  s a f e  s h u t d o w n s  o f  t h e  APU without  damaging  the  vehicle.  The 
fo rg iv ing  des ign  a spec t  o f  t he  APU i s  re la ted to  the  des ign  of  the  components  
and  subsys tems wi th  subs tan t ia l  l a t i tude  so  t h a t  s a t i s f a c t o r y  o p e r a t i o n  o f  t h e  
APU can be expected even when t h e  p a r t i c u l a r  components or  subsys tems are 
o p e r a t i n g   o u t s i d e   o f   t h e i r   b a s i c   d e s i g n   s p e c i f i c a t i o n s .   I n   a d d i t i o n ,  when 
unexpected conditions are imposed on a p a r t i c u l a r  Component, adequate  design 
margin should have been designed into the component t o  a s s u r e  s a t i s f a c t o r y  
opera t ion .  Minimum complexi ty   and   h igh   re l iab i l i ty   mus t   be   des igned   in to   the  
APU t o  e n s u r e  a d e q u a t e  s y s t e m  o p e r a t i o n  t h r o u g h o u t  t h e  e n t i r e  l i f e  o f  t h e  APU. 
Low development r i s k  and  the  assoc ia ted  low d e v e l o p m e n t  c o s t  r e f e r  t o  s e l e c t i n g  
concepts and designs which are w i t h i n  t h e  s t a t e  of  the  a r t  thus minimizing the 
amount  of  development  associated  with  the APU. High  performance of  the system 
i s  a s soc ia t ed  wi th  r educ ing  the  amount o f  p r o p e l l a n t  u t i l i z e d  b y  t h e  APU 
sys tem and  minimiz ing  the  f ixed  weight  assoc ia ted  wi th  the  APU, and making the 
maximum u s e  o f  e x i s t i n g  component technology,  re inforces  the reduced develop-  
ment c o s t s  by u t i l i z i n g  components which have been qualified for space applica- 
t ion. 
The APU as des igned  conta ins  $ar ious  fea tures  which  a l low i t  t o  meet t h e  
c r i t e r i a  d i s c u s s e d  above  and the  des ign  o f  the  sys tem is  summarized on 
Fig. 2 where views o f   t he  APU complete  package i s  i l l u s t r a t e d .  A complete 
des ign  inc luding  packaging  and  s t ruc tura l  e lements  w a s  comple ted  €or  the  bas ic  
APU system. All the   necessary  components   including  turbopower  uni t ,   propel-  
l an t  condi t ion ing  sys tem and  in tegra ted  cont ro l  sys tem w e r e  designed and 
packaged as i l l u s t r a t e d .  S y s t e m  o p e r a t i o n  w a s  s i m u l a t e d  o v e r  t h e  e n t i r e  f l i g h t  
operat ing  envelope  through the use  of  a computer  model.  Both  steady s t a t e  and 
dynamic condi t ions  were imposed upon the system, and successful  operat ion w a s  
a c h i e v e d  o v e r  t h e  e n t i r e  f l i g h t  o p e r a t i o n a l  e n v e l o p e .  
N 
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Figure 2. Accomplishments 
S t a r t  up and shut down were d e m o n s t r a t e d  w i t h  s t a r t  up o c c u r r i n g  i n  1 . 3  seconds. 
The system i s  capab le  o f  p rov id ing  fu l l  power w i t h i n  2 s econds  f rom in i t i a t ion  
o f  s t a r t  up. A l l  t h e  n e c e s s a r y  p r o p e l l a n t  t r a n s i e n t s  a s s o c i a t e d  w i t h  t h e  
base l ine   sys t em,  were s u c c e s s f u l l y  accommodated.  Complete hydrau l i c   coo l ing  
c a p a b i l i t y  was demonst ra ted  us ing  the  model when the necessary temperature  
hydrogen i s  provided  to   the  system by the   p rope l l an t   supp ly   sys t em.  A 
f a i l u r e  mode a n a l y s i s  was accomplished and for  those elements  deemed most 
l i k e l y  t o  f a i l  t h e i r  f a i l u r e  mode was s y n t h e s i z e d  i n  t h e  s y s t e m  u s i n g  t h e  
computer  model. A l l  t h e  f a i l u r e  modes r e s u l t e d  e i t h e r  i n  c o n t i n u e d  s a f e  
o p e r a t i o n  o r  i n  s a f e  APU s h u t  down. 
The b a s e l i n e  APU i s  i l l u s t r a t e d  i n  Fig. 3 and   cons i s t s  of a p r o p e l l a n t  
condi t ioning  system, power cont ro l   sys tem,   and   tu rbopower   un i t .  The f u n c t i o n  
of the  propel lan t  condi t ion ing  sys tem i s  t o  prov ide  equa i  p re s su re ,  equa l  
t e m p e r a t u r e ,  c o n t r o l l e d  p r o p e l l a n t s  t o  t h e  power cont ro l  va lve  and  turbo-  
power uni t   combustor .  The power cont ro l   sys tem  provides   the   necessary  power 
modu la t ion  wh i l e  t he  tu rbopower  un i t  conve r t s  t he  p rope l l an t  t o  usab le  e l ec t r i ca l  
and   hydraul ic  power.  Hydrogen i s  r ece ived   f rom  the   veh ic l e   p rope l l an t   supp ly  
sys tem and  af te r  f lowing  through the  regula tor ,  passes  through the  propel lan t  con-  
d i t ion ing  sys tem regenera tor ,  where  i t  i s  hea ted  up by the exhaust from the 
t u r b i n e .  An a p p r o p r i a t e  amount o f  hydrogen i s  bypassed  around  the  regenerator  
to  cont ro l  the  tempera ture  of  the  hydrogen  in to  the  power con t ro l  va lve .  
The pa r t i a l ly  hea ted  hydrogen  then  f lows  th rough  the  hydrau l i c  o i l  coo le r  where  
t h e  n e c e s s a r y  h y d r a u l i c  o i l  c o o l i n g  i s  accomplished. A hydrogen  bypass  valve 
con t ro l s   t he   t empera tu re   o f   t he   hydrau l i c   o i l   t o   t he   app ropr i a t e   l eve l .  
The hea ted  hydrogen  then  f lows  through the  lube  o i l  cooler  where  the  lube  o i l  
i s  cooled,  and then through the hydrogen/oxygen temperature  equal izer  where 
the oxygen i s  brought  up t o  a temperature  equal  to  the hydrogen temperature .  
Hydrogen at 650 R then  i s  s u p p l i e d  t o  t h e  power c o n t r o l  valve. On the  oxygen 
s i d e ,  t h e  oxygen  pressure i s  reduced  from i t s  supply  leve l  and  made e q u a l  t o  
the  hydrogen  p res su re  in  a p r e s s u r e  e q u a l i z e r .  The oxygen  then  has i t s  
temperature brought up and equal ized to  the hydrogen temperature  in  the passive 
tempera ture  equal izer .  
The hydrogen and oxygen propellants which are s u p p l i e d  t o  t h e  power c o n t r o l  
valve a r e  o f  a f ixed equal  temperature  and have a f ixed  equa l  p re s su re ,  t hus  
ensu r ing  tha t  t he  t empera tu re  of  the combust ion products  suppl ied to  the 
t u r b i n e  are determined  and  control led.  The  power c o n t r o l   s y s t e m   c o n s i s t s   o f  
a l i nked-b ip rope l l an t  va lve  wh ich  de l ive r s  t he  necessa ry  amount of p r o p e l l a n t  
t o  the  tu rbopower  un i t  t o  p rov ide  the  necessa ry  power level f rom the  turb ine  
and   keeping   the   tu rbopower   un i t   wi th in   the   p roper   speed   range .   For  a p u l s e  
power c o n t r o l  s y s t e m  a t t e n u a t o r s  are provided in  the hydrogen and oxygen l ines  
and  serve  to  decouple  the  propel lan t  feed  sys tem f rom the  power con t ro l  sys t em 
as su r ing   con t inuous   f l ow  in   p rope l l an t   cond i t ion ing   sys t em.   Fo r  a pressure  
modula ted   sys tem,   the   a t tenuators  are e l imina ted .  An i somet r i c   o f   t he  APU 
system i s  i l l u s t r a t e d   i n   F i g .  4 f o r  a pulse   modulated  system  including  the 
2 f t  hydrogen   a t tenuator .  A l l  the  necessary  components are i l l u s t r a t e d  i n  
the   i somet r ic   d rawing .  A summary model s p e c i f i c a t i o n   a p p e a r s   i n   T a b l e  1 page 
7 f o r   t h e  baseline system. The pressure  modulated  system shown i n   F i g .  5, 
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TABLE 1 
SS/APU SYSTEM/MODEL SPECIFICATION SUMMARY 
POWER OUTPUT 
~ 
400 HP ( P M  GEARBOX SEA LevEL) 
33 HP (IDLE GEARBOX SEA LEVEL) 
1 a HYDRAULIC  COOLING 100 PERCENT I 
0 PERFORMANCE 
SPECIFIC PROPELLANT CONSI"IO[N, LB/Bp-HR 
SEA LEVEL  A TITUDE 
PEAK 2.04 1.80 
IDLE 2.90 2.35 
S P E C I F I C  POWER 1.72 HP/LB OF APU 
0 ENVIRONMENT 
PRESSURE 0 TO 14.7 P S I A  
TRdPERI1TURE -65 TO 300 F 
0 CONTROL 
TYPE:  PULSE MODULATED 
PESPONSE: 75 MS, 0 TO 100% POWER 
STARTUP  TIME: 1 . 3  SEC 
FULL POWER: 2 . 0  SEC 
b d 
I 0 DESIGN 
TURBINE: 60,000 RpM *2-1/%, 5% MAXIMW 
GEAR REDUCTION: 10 TO 1 (HYDRAULIC) 
WEIGEPT: 233 IJ3 (LESS PUPS AND  ALTERNATORS) 
VOLTME: 17 C W I C  FEET 
SIZE:  27" x 25" x 43" 
5 TO 1 (ELECTRICAL) 
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Figure 5. A P U  System Pressure  Modulated 
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page 8 i s  packaged i n  a similar manner to the pulse modulated system but has 
the  accumulators  deleted. 
The operational  range  of  the  system is  i l l u s t r a t e d  i n  F i g .  6 on page 1 . The 
system has been demonstrated to operate over this entire operating range. 
The nominal conditions of 33 horsepower correspond t o  a boos te r  id le  condi t ion .  
The necessary hydraulic cooling can be provided i f  hydrogen i s  suppl ied  to  the  
APU a t  125 R fo r  t he  o rb i t e r  veh ic l e  and 260 R for  the  boos te r  vehic le .  The 
baseline propellant supply system as s p e c i f i e d  i n  t h e  Phase I1 NASA spec i f i ca t ion  
i s  the In tegra ted  ACS propellant supply system where the ACS propel lan ts  are 
t o  500 p s i  pressure and from 75 R t o  400 R on the hydrogen and 300 R t o  400 R 
on the oxygen. A typical simulated system operation as run on the  computer 
model i s  shown i n  Fig. 7 (on  page 11 ). Power t r ans i en t s  were imposed on the 
system with a 75 mill isecond t i m e  constant from the 33 horsepower id l e  cond i t ion  
t o  t h e  f u l l  peak 400 horsepower level. For both the pulse and pressure 
modulating power control system, speed control i s  maintained within 23 .5  percent  
which i s  w e l l  wi thin the 5 percent  specif icat ion.  A l l  the other important para- 
meters i n  t h e  system such as turb ine  in le t  t empera ture ,  lube  o i l  t empera ture  
and hydraul ic  oi l  temperature  were maintained w e l l  wi thin tolerance during these 
power spikes.  The performance and weight of the baseline systems are shown i n  
Fig. 8 (on  page 1 2  ). SPC as a funct ion o f  gearbox  output power i s  shown f o r  
both the pressure and pulse  modulated  system, Gearbox  power i s  t h a t  power a c t u a l l y  
delivered out of the gearbox to the hydraulic pumps and a l t e rna to r .  Weights f o r  
the APU hardware, the burned prppellant and the associated propellant supply 
penal ty   a re   a l so  shown on Fig. 8 ;  The propellant  supply  penalty  consists  of 
the total  weight of supplying the necessary propellant to the APU and i s  assoc ia ted  
with conditioning and pumping up the  p rope l l an t  fo r  s to rage  in  the  ACS accumulators 
p r i o r  t o  usage by the APU. Also included in that weight penalty i s  the neces- 
sary 'supplemental hydrogen r equ i r ed  to  p rov ide  hydrau l i c  coo l ing  in  the  o rb i t e r  
vehic le .  
i suppl ied  to   the APU under  the  conditions as shown i n  Fig. 6 ,  o f  from  1000 
I 
A de ta i led  s tudy  was conducted t o  i n t e g r a t e  t h e  APU in to  the  typ ica l  o rb i t e r  
and booster  vehicle .  Information was provided from each major orbiter and 
vehicle prime contractor,  and s tud ie s  were performed on hydraul ic  cool ing,  the 
APU a c c e s s i b i l i t y  and i n s t a l l a t i o n ,  and propellant  supply  to  the APU. F i g .  9 
i l l u s t r a t e s  t h e  APU mounted i n  a typical vehicle under study. Four APUs a r e  
mounted, two  n each side of the vehicle.  Provisions have been made fo r  p rope l -  
lant supply and exhaust ducting. Emphasis has  been  placed on a c c e s s i b i l i t y  o f  
the l ine replaceable  i tems.  The hydraul ic  pumps and a l t e r n a t o r  a r e  on the  op- 
p o s i t e  s i d e  o f  the gear  box  from the turbine assembly and a re  eas i ly  access ib l e  
fo r  s e rv i c ing  and  removal.  Accessibility  to  such  items as the  spark  ign i t ion  
system, combustor valve assembly, and the primary control elements has been 
provided. 
The s tudies  conducted have resul ted in  the ident i f icat ion of  several  major  
technology areas which a r e  i l l u s t r a t e d  i n  F i g .  10. I t  i s  recommended t h a t  
technology  programs  be i n i t i a t e d  i n  each of these major technology areas. O f  
particular  importance,   in  the  turbopower  unit ,  is the  combustor  assembly.  For 
the pulse modulating system, repeatable ignition i s  a pr imary requis i te  to  
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t o  a v o i d  t h e  p o s s i b i l i t y  o f  b u i l d  up of  unburned  oxid izer  in  the  exhaus t  
duct ing.   For   the  pressure  modulat ing  system,  performance  of   the  combustor  
a t  p a r t  l o a d  o p e r a t i n g  c o n d i t i o n s  i s  v i ta l  to  the  ach iev ing  o f  accep tab le  
s p e c i f i c   p r o p e l l a n t   c o n s u m p t i o n .   I n   t h e   s u p e r s o n i c   t u r b i n e   t r a n s i t i o n  
b e t w e e n  t h e  f i r s t  and second stage with minimum loss  must  be demonstrated.  
The off design performance of the pressure modulated supersonic turbine has a 
s u b s t a n t i a l  e f f e c t  o n  t h e  p e r f o r m a n c e  o f  t h e  s y s t e m  a n d  a de ta i l ed  expe r imen ta l  
i n v e s t i g a t i o n  must  be  car r ied  out ,  Hydrogen  embr i t t l ement  on  the  turb ine  for  
d i s c  material se lec ted  (Ast ro loy)  can  present  a problem  and a d e t a i l e d  i n -  
v e s t i g a t i o n  on p o s s i b l e  stress re l i ev ing  t echn iques  and /o r  on  coa t ings  shou ld  
b e  i n i t i a t e d .  I n  t h e  power c o n t r o l   s y s t e m ,   t h e   l i f e   o f   t h e   l i n k e d   b i p r o p e l l a n t  
valve for  the  pulse  cont ro l  sys tem must  be  improved  and  demonst ra ted  whi le  for  
t he  p re s su re  modu la t ing  sys t em,  the  c r i t i ca l i t y  o f  t he  ma tch ing  o f  t he  valve 
areas d u r i n g  p a r t  l o a d  o p e r a t i o n  r e q u i r e s  v e r i f i c a t i o n .  F o r  t h e  p r o p e l l a n t  
condi t ion ing  sys tem var ious  aspec ts  of the  hea t  exchanger ,  inc luding  opera t ing  
s a f e t y  w i t h  r e g a r d  t o  i s o l a t i o n  o f  p r o p e l l a n t s  f r o m  h y d r a u l i c  a n d  l u b r i c a t i n g  
o i l ,  and propel lants   f rom  each  other ,   must   be  demonstrated.  The p o t e n t i a l  o f  
f r e e z i n g  o f  water v a p o r  i n  t h e  e x h a u s t  o f  t h e  t u r b i n e  as it passes  through the  
regenerator ,  heat ing the incoming hydrogen,  requires  a thorough experimental  
eva lua t ion .   In   addi t ion ,   the   genera l   p roblem  of   p rope l lan t   cont ro l   under   the  
v a r i o u s  v e h i c l e  o p e r a t i n g  c o n d i t i o n s  r e q u i r e s  f u r t h e r  e v a l u a t i o n  a n d  s t u d y .  
Each of t h e s e  s e c t i o n s  p r o v i d e s  d e t a i l s  o f  a l l  ana lys i s ,  op t imiza t ions  and  
p r i m a r y  c r i t e r i a  f e a t u r e s  as d i s c u s s e d  i n  t h i s  summary s e c t i o n .  
Th i s  r epor t  p re sen t s  a comprehensive review of a l l  aspects  of  system design and 
performance as summarized  above. The report  has  been organized on a system  and 
subsys tem bas is  as fo l lows:  
Sec t ion  I11 Performance  and  Design  (System) 
Sec t ion  I V  Veh ic l e   In t eg ra t ion  (System) 
Sec t ion  V Sys tern Operat ion 
Sec t ion  V I  F a i l u r e  Mode Analysis  (Sys tern) 
Sec t ion  V I 1  Turbopower  Unit  (Subsystem) 
Sec t ion  V I 1 1  Propellant  Conditioning  (Subsystem) 
Sec t ion  IX Control  Elements  (Subsystem) 
I I INTRODUCTION 
The Space  Shut t le  APU program consis ted of  two phases  as i l l u s t r a t e d  i n  
F igure  11 , page 18. Phase I of  the  program was  d i r ec t ed   t owards   yn thes i s  
o f  va r ious  cand ida te  sys t ems  and  se l ec t ion  of the most  promising system for  
a p p l i c a t i o n  t o  t h e  Space Shut t le  Vehic le .  This  work was  completed  and i s  
r epor t ed  in  the  Phase  I summary r e p o r t ,  QTMRO115-3137, December 1970. 
Fol lowing  se lec t ion  of  the  base l ine  sys tem,  a d e t a i l e d  s t u d y  w a s  conducted i n  
Phase I1 which r e s u l t e d  i n  a pre l iminary  des ign  of  the  se lec ted  base l ine  sys tem.  
Th i s  base l ine  sys t em i s  d e s c r i b e d  i n  d e t a i l  i n  t h i s  r e p o r t .  The des ign  of  
the system was reviewed with NASA and  wi th  the  Space  Shu t t l e  veh ic l e  con t r ac to r s  
during the Phase I1 portion of the program and formal Phase I1 reviews were 
conducted midway and a t  the end of the Phase I1 e f f o r t .  
The pre l iminary  des ign  of  t h e  APU r e f l e c t s  a l l  ope ra t iona l  and  pe r t inen t  non- 
o p e r a t i o n a l  c r i t e r i a  i n c l u d i n g  1) f l e x i b i l i t y  t o  accommodate mission changes 
2)  a d a p t a b i l i t y  t o  v e h i c l e  c o n f i g u r a t i o n s ,  3 )  s a f e  o p e r a t i o n  o v e r  a broad 
range of  mission condi t ions,  4) f o r g i v i n g  d e s i g n  c h a r a c t e r i s t i c s  t o l e r a n t  t o  a 
w i d e  l a t i t u d e  of condi t ions  even  beyond the  bas ic  des ign  spec i f ica t ions ,  
5) minimum c o m p l e x i t y  a n d  h i g h  r e l i a b i l i t y ,  6 )  low development r i s k  and c o s t  
through conservat ive design,  7) high  performance across the  power ranges ,  
and 8) m a x i m u m  use  o f  ex i s t ing  s t a t e -o f - the -a r t  t echno logy  whereve r  poss ib l e .  
The Phase I1 d e s i g n  a n a l y s i s  u t i l i z e d  a soph i s t i ca t ed  sys t em to  model the  
des ign  o f  t he  in t eg ra t ed  con t ro l  sys t em,  to  check  de ta i l ed  component  and 
subsystem analyses  against  system requirements  and to  confirm system pe r -  
formance  across  the  complete  spectrum of mis s ion   ope ra t ing   cond i t ions .  The 
model fu r the r  p rov ided  a q u a n t i t a t i v e  b a s i s  f o r  t h e  f a i l u r e  modes and e f f e c t s  
ana lys i s  fundamen ta l  t o  the  e s t ab l i shmen t  o f  a s a f e  r e l i a b l e  p r e l i m i n a r y  
des   ign.  
The Space  Shut t le  APU s tudy  was conducted with M r .  S. Domokos as Program  Manager 
and,   with Mr. Rober t   Se ig le r  as Pr inc ipa l   Engineer .  M r .  R. L. Binsley was 
r e s p o n s i b l e  f o r  t h e  Turbopower Uni t  des ign ,  M r .  A.  A. Krause  r e spons ib l e  fo r  
Control Element design, M r .  J. P. Maddox responsible  for  System Performance and 
Propel lant  Condi t ioning System design,  and M r .  R. D. Marcy r e s p o n s i b l e  f o r  t h e  
System Operat ion and Fai lure  Mode a n a l y s i s .  
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A. PJ?,RFORMANCE 
IIX APU PERFORMANCE/DESIGN 
The v a r i o u s  f a c t o r s  c o n s i d e r e d  i n  d e t e r m i n i n g  APU performance are summarized 
i n   T a b l e  2 , The c o n s i d e r a t i o n s   i n c l u d e   t h e   p o w e r ,   a l t i t u d e   a n d   d u r a t i o n  
p ro f i l e  o f  t he  veh ic l e ,  t he  tu rb ine  des ign  and  o f f -des ign  pe r fo rmance ,  t he  
power con t ro l  t ype  (pu l se  o r  p re s su re  modu la t ion ) ,  gea r  box l o s s e s  a t  des ign  
and   of f -des ign   condi t ions   and   exhaus t   duc t   e f fec ts .   These   fac tors  are a l l  
provided as inpu t s  i n to  the  d ig i t a l  p rog ram which  ca l cu la t e s  t he  bu rned  
propel lan t  requi rements .  
The program used  for  ana lys i s  wi th  a pressure modulated power c o n t r o l  (SSAPU3) 
also includes performance degradation due to combustor off-design operation. 
A C-star e f f i c i e n c y  o f  98 pe rcen t  i s  used a t  t h e  d e s i g n  p o i n t  w i t h  a degrada- 
t i o n  c h a r a c t e r i s t i c  r e s u l t i n g  i n  95 pe rcen t  a t  t h e  minimum power cond i t ion .  
The program f o r  a n a l y s i s  w i t h  a pu l se  power c o n t r o l  (SS4PU4) doesn ' t  i nc lude  the  
degrada t ion   s ince   the   combustor  i s  a lways   opera t ing  a t  i t s  des ign  po in t .  How- 
ever, t h e r e  i s  another   degradat ion  factor ,   namely,   turbine  windage  occurr ing 
during the "off  pulse" ,  which i s  a s soc ia t ed  on ly  wi th  pu l se  power con t ro l .  The 
program uses a loss of 5.6 horsepower a t  a t u r b i n e  e x i t  p r e s s u r e  o f  10 p s i a ,  
which i s  assumed t o  v a r y  l i n e a r l y  w i t h  b a c k  p r e s s u r e .  To be somewhat 
conserva t ive  the  turb ine  back  pressure  dur ing  the  "of f  pu lse"  i s  taken as the  
average  of  the  ambient  pressure  and  ex i t  p ressure  dur ing  the  "on pulse".  
An a d d i t i o n a l  d e g r a d a t i o n  f a c t o r  common o n l y  t o  t h e  p u l s e  s y s t e m  i s  t h a t  d u e  t o  
degradat ion  during  "short   on  t imes".  The program  assumes a valve opening time 
of 8 mi l l i seconds  wi th  a 16  mi l l i s econd  c los ing  time. Based  upon tes t  resul ts  
wi th  a n i t rogen  d r iven  supe r son ic  tu rb ine ,  estimates o f  t h e  e n e r g y  u t i l i z a t i o n  
du r ing  the  p re s su re  r ise and  decay  por t ions  of  the  to ta l  on p u l s e  were obta ined .  
A minimum on time of  102 mi l l i seconds  occurs  dur ing  the  nominal  opera t ing  condi -  
t i o n  f o r  t h e  b a s e l i n e  p u l s e  s y s t e m ,  r e s u l t i n g  i n  a 7.0-percent  spc degradat ion,  
o r  10 pounds of  p r o p e l l a n t  o v e r  t h i s  p o r t i o n  o f  t h e  p o w e r - t i m e  f l i g h t  p r o f i l e .  
F igure  12 p r e s e n t s   t h e   e f f e c t   o f   t h e   t u r b i n e   d e s i g n   p o i n t   s e l e c t i o n  on t h e  
bu rned   p rope l l an t   we igh t .   Typ ica l   t u rb ine   spec i f i c  power consumption (SPC) 
horsepower  cha rac t e r i s t i c s  for l o w  p r e s s u r e  r a t i o  a n d  h i g h  p r e s s u r e  r a t i o  
machines  with a pressure   modula ted   cont ro l  are shown. I f  t he  ma jo r  po r t ion  
o f  a n  o p e r a t i n g  p r o f i l e  c o n s i s t s  o f  low  power o p e r a t i o n ,  i t  can be seen i n  
t h i s  c h a r a c t e r i s t i c  t h a t  t h e  low p res su re   r a t io   mach ine  i s  favored.  However, 
moderate  to  high power ope ra t ion  ove r  a s i g n i f i c a n t  p o r t i o n  of the  miss ion  
p r o f i l e  would f avor  the  h ighe r  p re s su re  r a t io  des ign .  
The r e s u l t s  of t h e  t u r b i n e  d e s i g n  p o i n t  o p t i m i z a t i o n  are p r e s e n t e d  i n  F i g . l a ( b )  
as a func t ion  o f  t he  des ign  p res su re  r a t io .  All the  machines  evaluated provide 
maximum power a t  sea level wi th  a maximum t u r b i n e  i n l e t  p r e s s u r e  o f  390 p s i ,  
which provides a 5 pe rcen t  power m a r g i n  f o r  c o n t r o l l a b i l i t y .  
The p rope l l an t  we igh t  fo r  t he  pu l se  con t ro l  mach ine  i s  r e l a t i v e l y  i n s e n s i t i v e  
to  des ign  p res su re  r a t io  ove r  t he  r ange  cons ide red .  The opt imum design point  
s e l ec t ed  fo r  t he  base l ine  mach ine  i s  26.9 r e s u l t i n g  i n  322 pounds of p r o p e l l a n t  
f o r  t h e  b o o s t e r  and 306 pounds  o f  p rope l l an t  fo r  t he  o rb i t e r .  The p res su re  
modulated machine optimizes a t  a p r e s s u r e  r a t i o  o f  a b o u t  15  f o r  t h e  o r b i t e r  
TABLE 2 
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and 7 f o r   t h e   b o o s t e r .  The commonal i ty   p ressure   ra t io  which  minimizes  the 
propel lan t  weight  cor responds  to  about  1 2 ,  wi th  the  same machine operat ing 
i n  b o t h  t h e  o r b i t e r  and  the  booster.  The d i f fe rence   be tween  us ing  optimum 
APU's and the commonality optimum i s  only 10 pounds of  propel lant .  
Figure 13 presents  the  per formance  o f  t h e  optimum pulse and pressure modulated 
machines i n  terms o f  SPC versus s h a f t  power re ferenced  t o  t h e  t u r b i n e .  T h r e e  d i f -  
f c r e n t   p r e s s u r e   a l t i t u d e s   a r e   p r e s e n t e d  - 0 ,  10,  and 1 4 . 7  p s i a .  The  power ranges 
from a b o o s t e r  i d l e  t o  o r b i t e r  p e a k  o f  33 horsepower to 400 horsepower out o f  
the  gearbox.  The m a j o r   d i f f e r e n c e   i n  SPC occurs  a t  t h e  low  power l e v e l  where 
m a x i m u m  thro t t l ing   o f   the   p ressure   modula ted   machine  i s  requi red .  A t  t h e  
b o o s t e r  i d l e  p o i n t  t h e  SPC a t  10 p s i  f o r  t h e  p u l s e  m a c h i n e  i s  approximately 
2.2 versus  3.7 for   the   p ressure   machine .   This   represents  a pena l ty  o f  abou t  
60 p e r c e n t  f o r  o p e r a t i o n  a t  i d l e  power level. The per formance   d i f fe rence  a t  
ze ro  ps i a  back  p res su re  i s  cons iderably  less s ince  the  p re s su re  modu la t ed  
t h r o t t l e d  c o n d i t i o n .  The zero  psia   performance i s  i n d i c a t e d  a t  a 50 horsepower 
i d l e  c o n d i t i o n  ( o r b i t e r  r e - e n t r y )  w i t h  a r e s u l t a n t  p e n a l t y  o f  1 5  p e r c e n t  f o r  
the  pressure  modulated  machine.  The SPC d i f f e r e n c e s  a t  moderate   to   high power 
levels d e c r a s e s  f u r t h e r ,  r e s u l t i n g  i n  a 10  p e r c e n t  p e n a l t y  a t  the  400 horse-  
power sea l eve l  cond i t ion .  
machine i s  o p e r a t i n g  v e r y  c l o s e  t o  i t s  des ign  p res su re  r a t io  even  unde r  a 
?he same performance data  referenced to  the gearbox output  power i s  shown i n  
Fig.  14. Speci f ic   p rope l lan t   consumpt ion   versus   gearbox power are expressed 
over  the  same range  f rom boos te r  i d l e  t o  o rb i t e r  peak  power f o r  t h e  same 
ambient   pressures  of 0 ,  10 ,  14.7 p s i a .  The d e t a i l s  of t h e   s e l e c t e d   t u r b i n e  
d e s i g n ,  p r e s s u r e  r a t i o ,  chamber pressure design and horsepower,  are presented  
i n  t h e  f i g u r e  a l o n g  w i t h  t h e  c o m b u s t i o n  d e s i g n  p o i n t  c h a r a c t e r i s t i c s .  
Gearbox efficiency ranges from 97.5 p e r c e n t  a t  the peak power c o n d i t i o n  t o  
84 p e r c e n t  a t  t h e  b o o s t e r  i d l e  c o n d i t i o n ,  so  tha t  the  gearbox re ferenced  SPC 
i s  2.5 percen t  h ighe r  t han  tu rb ine  SPC a t  peak and 20 p e r c e n t  h i g h e r  a t  i d l e .  
B.  APU SYSTEM DESCRIPTION 
The  power c o n t r o l  s e l e c t e d  f o r  t h e  b a s e l i n e  APU is pulse  modulated with the 
ab i l i t y  to  r e spond  f rom an  id l e  t o  100  pe rcen t  s t e p  change i n  power w i t h i n  
75  mil l iseconds.  The t u r b i n e  i s  a 2 - s t age   p re s su re  compounded type   ope ra t ing  
a t  60,000 rpm wi th  a normal speed band f o r  p u l s e  q o n t r o l  of  3 2 . 5  percent .  
The APU produces a peak gearbox output requirement a t  sea l e v e l  o f  400 horsepower 
wi th  a 5 p e r c e n t  power excess f o r  c o n t r o l .  The nomina l  sus t a ined  id l e  ope ra t ing  
cond i t ion  o f  33 h o r s e p o w e r  r e s u l t s  i n  a power  turndown r a t i o  o f  1 2 ; l .  One 
hundred  pe rcen t  o f  t he  hydrau l i c  coo l ing  i s  accommodated a t  a l l  power levels 
with  75 R hydrogen  source  temperature. The spec i f i c  p rope l l an t  consumpt ions  
are i n d i c a t e d  f o r  sea level and  a l t i t ude  and  fo r  ze ro  ps i a  back  p res su re  
ope ra t ing  cond i t ions  a t  the  peak  and  idle  levels. The s p e c i f i c  power o f  1.72 
horsepower per pound of  APU i s  a l s o  i n d i c a t e d .  
The APU meets a l l  power requirements over an ambient back p res su re  r ange  of 
zero to  14.7 psia  and an environmental  temperature  range of from -65 t o  300 F. 
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Figure  15 p resen t s  t he  APU power f l o w  f o r  t h e  maximum and minimum requ i r ed  
ope ra t ing   l eve l s   i nd ica t ing   e f f i c i ency   o f   t he   va r ious   componen t s .  With 410.6 
horsepower into the gearbox,  400 horsepower output i s  obtained and,  with a 
h y d r a u l i c  pump e f f i c i e n c y  o f  90 p e r c e n t ,  360 horsepower  ne t  de l ive red  hydrau l i c  
power is  achieved.  This power cor responds   to  212 gpm f o r  t h e  3,000 p s i  
hydrau l i c   sys t em.   Fo r   t h i s   ope ra t ing   cond i t ion   t he re  i s  no a u x i l i a r y  e l e c t r i c a l  
o u t p u t  r e q u i r e d  f o r  t h e  o r b i t e r  v e h i c l e .  S u s t a i n e d  i d l e  c o n d i t i o n s  o c c u r  i n  
t h e  b o o s t e r  d u r i n g  t h e  c r u i s e  p h a s e  o f  t h e  p r o f i l e  a t  10 ps ia  where  39 horse-  
power i n t o  t h e  g e a r b o x  r e s u l t s  i n  2.24 KW o f  de l ive red  e lec t r ica l  power and 3 
horsepower of hydraulic power. 
The nominal  opera t ing  condi t ion  of  the  APU a t  the 33 horsepower gearbox output  
and 10 ps i a   back   p re s su re  are p r e s e n t e d   i n   F i g .  16 . The source   p re s su re  
for the hydrogen and oxygen i s  500 ps ia  wi th  the  oxygen  in l e t  t empera tu re  a t  
300 R and a flow of 0.011 pounds  per  second. The hydrogen flow i s  0.0129 
pounds p e r  second (a  mixture  ra t io  of  0 .835)"and  the  in le t  t empera ture  i s  75 Re 
The hydrogen  pressure  regula tor  reduces  pressure  down t o  4 6 1  p s i a  a t  t h e  i n l e t  
to  the  regenera tor  bypass  va lve .  E ighty- two percent  of  the  hydrogen  f low i s  
bypassed around the regenerator  to  provide a mixed temperature  of  288 R wi th  
the ramaining flow which i s  passed through the regenerator  and heated by the  
turb ine  exhaus t  gas .  The hydrogen  then  en ters  the  hydraul ic  cooler  where  i t  
undergces a temperature  r ise t o  609 R and  then  in to  the  lube  cooler  wi th  a 
fu r the r   t empera tu re  r ise t o  672 R. In   f lowing   th rough  the   t empera ture   equal izer ,  
the hydrogen drops from the 672 R t o  650 R i n  h e a t i n g  up the oxygen from 300 R 
to  approximately 668 R so t h a t  t h e  oxygen i s  w i t h i n  20 degrees of the hydrogen 
temperature .  
The propel lants  then f low into the combustor  where they are i g n i t e d  r e s u l t i n g  
i n  a 2060 R combustion temperature a t  a p r e s s u r e  of 405  ps ia .  The va lve  on- 
t i m e  f r a c t i o n  i s  approximately 10 pe rcen t  ( i . e . ,  a pulse-on time of  . lo2 
seconds  and  an  off- t ime  of   c lose  to  1 second). The SPC (gearbox)   assoc ia ted  
w i t h  t h i s  o p e r a t i n g  c o n d i t i o n  is  2.5 lb/hp-hr .  
Figure 17 p r e s e n t s   t h e   b a s e l i n e  APU package  with  the  envelope  dimensions 
ind ica t ed   a long   w i th   va r ious  components i d e n t i f i e d .  The package i s  
approximately 2 f t  square  by  3.5 f t  long with an APU weight  of  233 lb .  This  
exc ludes  the  hydraul ic  pumps and a l t e rna to r  wh ich  add  ano the r  93 l b  t o  t h e  
weight.  The package i s  compact w i t h  e f f i c i e n t  volume u t i l i z a t i o n  a l l o w i n g  f o r  
c l e a r  a c c e s s i b i l i t y  t o  a l l  components fo r  i n spec t ion ,  ma in tenance ,  and 
replacement as requi red .  
Table 3 p r e s e n t s   t h e   r e s u l t s   o f   t h e  APU hardware  weight   s tudy  exclusive of 
the  we igh t  o f  t he  hydrau l i c  pumps a n d  a l t e r n a t o r .  Both pressure  and  pulse  
modulated  control   systems are presented .  The pr imary  weight   difference  between 
the  two systems i s  due to  the  absence  o f  pu l se  a t t enua to r  t anks  fo r  t he  p re s su re  
modulated APU. The r e s u l t a n t  w e i g h t s  are 233 pounds for   the  pulse   system  and 
214  pounds for  the  pressure  modula ted  sys tem.  The burned  propel lant   weight  
and  p rope l l an t  pena l ty  fo r  ACS i n t e g r a t i o n  (turbopump and conditioner gas 
generator  requirement  and supplemental  300 R hydrogen for  cool ing)  i s  shown f o r  
bo th  the  boos te r  and o r b i t e r  r e s u l t i n g  in t he  to t a l  sys t em we igh t  i nd ica t ed  
i n  t h e  f i g u r e .  Use o f  p re s su re  modu , l a t ion  r e su l t s  i n  a 28 p e r c e n t  p e n a l t y  f o r  
the boos ter  and 12  pe rcen t  penal ty  f o r  t h e  o r b i t e r .  
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I V  VEHICLE INTEGRATION 
Rocketdyne  has  main ta ined  c lose  contac t  wi th  vehic le  cont rac tors  in  order  to  
assess t h e  e f f e c t s  on APU per formance  of  var ious  in tegra t ion  concepts .  
Cognizance of vehicle requirements has been a key  f ac to r  i n  des ign  o f  an  
APU t h a t  i s  f l e x i b l e  and r e a d i l y  a d a p t a b l e  t o  a v a r i e t y  o f  p r o p e l l a n t  s o u r c e  
systems and p r o p e l l a n t  s ta te  condi t ions .  This s e c t i o n  d i s c u s s e s  t h e  e f f e c t s  
o f  t hese  cond i t ions  on APU performance (SPC) and hydrau l i c  coo l ing  capab i l i t y .  
R e s u l t s  o f  a n  i n s t a l l a t i o n  s t u d y  are a l so  p re sen ted  cove r ing  the  areas o f  h e a t  
exchange with the vehicle ,  APU a c c e s s i b i l i t y  and in spec t ion ,  and a d a p t a b i l i t y  
to   an  a i r  brea th ing   dr ive .   These   in tegra t ion   cons idera t ions  are summarized 
i n   T a b l e  4 . 
A. PROPELLANT STATE CONDITIONS 
Pressure  
The p rope l l an t  sou rce  p re s su re  l eve l  de t e rmines  the  maximum tu rb ine  p re s su re  
r a t i o  and s t rong ly  in f luences  the  optimum des ign  po in t  o f  t he  TPU and the 
performance advantage of a pu l se  power cont ro l  sys tem over  a pressure modulated 
cont ro l .   F igure  18 p r e s e n t s   t h e  SPC ( t u r b i n e )   v a r i a t i o n   w i t h   t h e  minimum 
supp ly  p res su re  f rom the  veh ic l e  o r  pump f o r  a 50 horsepower gearbox output 
a t  10  psia   back  pressure.  A t  the  500  ps ia  leve l  (APS INTEGRATION - NASA BASE- 
LINE) the pressure modulated SPC r e s u l t s  i n  a 40% pena l ty  compared wi th  pu l se  
power con t ro l .  The r a t e  o f  d e c r e a s e  o f  SPC w i t h  i n c r e a s i n g  p r e s s u r e  f o r  
pressure  modula t ion  i s  about  th ree  times t h a t  f o r  p u l s e  c o n t r o l  so  t h a t  t h e  
pena l ty  i s  reduced  to  15  percent  a t  1200 ps i a .  The d i g i t a l  program w a s  used 
to  de t e rmine  the  bu rned  p rope l l an t  r equ i r emen t  fo r  t he  en t i r e  boos t e r  and  
o r b i t e r  m i s s i o n  a t  t h e  b a s e l i n e  p r e s s u r e  l e v e l  o f  500 ps i a  and  an  inc reased  
l eve l   p rov id ing  900 p s i a  t u r b i n e  i n l e t  p r e s s u r e .  The r e s u l t s  p r e s e n t e d  i n  
Fig.  18 show a s i g n i f i c a n t   r e d u c t i o n   i n   p r e s s u r e   m o d u l a t i o n   w e i g h t   p e n a l t y  
a t  the  h igher  pressure ,  p rovid ing  a s t r o n g  i n c e n t i v e  f o r  s e l e c t i o n  o f  t h e  
i n h e r e n t l y  more re l iab le  pressure  modula ted  type  of  power c o n t r o l .  
Temperature 
The f l i g h t  o p e r a t i o n a l  maximum hydrau l i c  f lu id  t empera tu re  i s  750 R. A s tudy  
was conducted to determine the hydrogen source temperature requirements to 
p reven t  ove r  t empera tu re  o f  t he  hydrau l i c  f lu id  based  on hea t  l oads  
a s soc ia t ed  wi th  boos te r  and  o rb i t e r  power p r o f i l e s .  The hydrogen coolant  f low 
w a s  assumed e q u a l  t o  t h a t  r e q u i r e d  by the  TPU. The c o o l e r  i s  l o c a t e d  i n  t h e  
h y d r a u l i c  pump c a s e  d r a i n  l i n e  so t h a t  i t  i s  r eee iv ing  f lu id  f rom the  m a x i m u m  
tempera ture   po in t   in   the   sys tem.  The f l u i d  i n v e n t o r y  w a s  321  pounds  of 
MIL-H-5606 p e r  NASA d i r e c t i o n .  R e s u l t s  of  the  s tudy  are p r e s e n t e d  i n T a b l e  5 
The m a x i m u m  h e a t  l o a d  minimum h y d r o g e n  f l o w  c o n d i t i o n  r e s u l t s  o n  t h e  o r b i t e r  
veh ic l e  du r ing  r e -en t ry  ( the  longes t  ope ra t ing  cond i t ion  wi th in  the  p ro f i l e  - 
4,000 seconds) .   This   condi t ion   requi res  a hydrogen  source  temperature  of 
125 R to  prevent  the  hydraul ic  f lu id  f rom exceeding  the  750 R maximum. The 
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VEHICLE  INTEGRATION  CONSIDERATIONS 
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Figure 18.  Effect  of Vehicle  Supply Pressure on APU Performance 
TABLE 5 
FLIGIIT OPERATIONAL HYDRAULIC 
COOLING REQUIREMENT 
MAXI" H2 SOURCE  TEMPERATURE * 
I 0 ORBITER 1 2 5 ~  (IE-ENI'RY) 0 BOOSTER 2 6 0 ~  (CRUISE) I 
321 LB MIL-H-5606 
e CASE DRAIN EXIT 620R TO 750R 
in 4000 SEC (RE-ENTRY) 
0 B U L K   H Y D R A U L I C   F L U I D  RISE, 540R t o  670R 
0 45 IIP HEAT LOAD 
e 6 GPM  CASE DRAIN F'LOW 
0 584B H2 INTO LUBE COOLER 
0 321 LB M I L - H - ~ ~ O ~  
0 CASE DRAIN EXIT 590R TO 
750R IN 5700 SEC  (CRUISE) 
B U L K   H Y D R A U L I C   F L U I D   R I S E ,  
560R t o  720R 
e 16.5 HP IIEAT LOAD 
0 6 GPM CASE DRAIN F'LOW 
0 402R H2 INTO LUBE COOLER 
I 1 MAXI" HYDRAULIC FLUID TPIPERATURE: = 750R 
temperature  r ise o f  t he  bu lk  f lu id  in  the  sys t em i s  540 R t o  670 R wi thcn  the  
4,000 second  period. The lube  system  heat   load i s  5 Btu / sec  r equ i r ing  
574 R hydrogen into the lube cooler .The hydrogen out le t  i s  672 R and i t  then  
e n t e r s  t h e  e q u a l i z e r  and  drops  to  the  cont ro l  level of 650 R. 
On the  boos te r ,  t he  pe rmis s ib l e  hydrogen  source  t empera tu re  level  i s  s i g n i f i c a n t l y  
h ighe r  because  the  hydrau l i c  hea t  l oad  i s  grea t ly  reduced  due t o  d e p r e s s u r i z a t i o n  
o f  t he  hydrau l i c  pumps du r ing  boos te r  c ru i se .  Th i s  t r ans i en t  occu r s  fo r  a 
5700 second durat ion and because of  the comparat ively lower hydraul ic  heat  
l oad ,  t he  maximum hydrogen source temperature becomes 260 R.  The resu l tan t  hy- 
d r a u l i c  f l u i d  b u l k  t e m p e r a t u r e  r ise  is 560 R t o  720 R.  The lube  hea t  l oad  is  
13.5 Btu/sec r e q u i r i n g  402 R hydrogen  in to  the  lube  cooler .  
A s tudy  was a lso  conducted  to  de te rmine  the  requi rement  for  s teady-s ta te  
coo l ing  to  p reven t  any  temperature r ise of the  bu lk  f lu id .  The maximum 
f l u i d  t e m p e r a t u r e  o f  t h i s  s y s t e m  w a s  he ld  a t  700 R, and the cool ing require-  
ments are shown i n   T a b l e  6 W i t h   t h e   o r b i t e r   t h e   r e s u l t a n t   h y d r o g e n   s o u r c e  
temperature  i s  6 3  R and 186 R f o r  t h e  b o o s t e r .  ( D e t a i l s  o f  t h i s  s t u d y  are 
p r e s e n t e d  i n  Appendix A). 
It i s  ev iden t  from t h e s e  r e s u l t s  t h a t  f o r  t h e  APS base l ine  p rope l l an t  sou rce ,  
which provides hydrogen a t  a nominal temperature of about 300 R,  a cool ing  
problem  ex is t s   for   the   o rb i te r   dur ing   re -en t ry .   Supplementary   hydrogen   f low 
must  be  used  and dumped r ep resen t ing  a chargeable   pena l ty   to   the  APU. For 
t r a n s i e n t  c o o l i n g  a f low increase of  64 percen t  i s  required assuming 300 R 
hydrogen  represent ing a penal ty   o f  41 pounds.   For  steady-state  cooling  an 
increase  of  86 percen t  i s  n e e d e d  r e s u l t i n g  i n  a pena l ty  of 54 pounds.  Alternate  
systems providing hydrogen a t  an  accep tab le  t empera tu re  l eve l  were evaluated 
and  are  d iscussed  in  the  fo l lowing  sec t ion .  
B. ALTERNATE HYDROGEN FEED SYSTEMS 
The most  obvious al ternate  system i s  to  use  a hydrogen pump supplied from a 
low pressure vehicle  hydrogen tank to  provide the required head and flow i n t o  
the  APU system. The pump would  be  an  in tegra l  par t  o f  the  PCS and  would 
r ep lace  the  p re s su re  r egu la to r  l oca t ed  ups t r eam o f  the  r egene ra to r  bypass  
valve.  The pump could   be   d r iven   of f   the  APU gearbox  (must  handle  saturated 
l i q u i d )  , by a hydrau l i c  moto r  (dose  to  t ank) ,  o r  an  e l ec t r i c  moto r  ( in  t ank  
mounted). A r e l i a b l e  low s p e c i f i c  s p e e d  pump would be required,  which i s  
beyond the  present  s ta te  of a r t  thus  incur r ing  an  addi t iona l  deve lopment  
r i s k  t o  t h e  s y s t e m  compared wi th   the  APS base l ine   in tegra ted   sys tem.  An 
a l t e r n a t e  a p p r o a c h  i s  p r e s e n t e d  i n  F i g .  19 r e f e r r e d  t o  as a r e f i l l a b l e  
hydrogen  system. The APU i s  s t i l l  dependent  upon  operation of  the APS 
turbopump,  however, a small APU dedicated tank i s  p e r i o d i c a l l y  r e f i l l e d  t o  
provide   l iqu id   hydrogen   to   the   sys tem  on  demand.  The APU r e c e i v e s  l i q u i d  
hydrogen  thus  e l imina t ing  the  orb i te r  cool ing  problem and  a l so  e l imina tes  
a l l  of  the  condi t ioner  gas  genera tor  propel lan t  and some of  the turbopump 
gas   gene ra to r  l o s s  a s soc ia t ed   w i th   t he   base l ine  APS in tegra ted   sys tem.  The 
ope ra t ing  cyc le  o f  t he  r e f i l l ab l e  sys t em i s  bes t  unde r s tood  by  r e fe r r ing  to  
the  T-S diagram i n  Fig. 19 . The pump. i s  turned on  and the  APU tank i s  
f i l l e d  w i t h  l i q u i d  up t o  a pressure  of  1400 p s i a  a t  a temperature of 70 R 
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TABLE 6 
STEADY-STATE FIYDRAULIC COOLING WQUIREMENT 
L 
HYDROGEN SOURCE TEMPERA!I!URE 
0 ORBITER 6311 0 BOOSTEX 186R 
(RE-ENTRY) (CRUISE) 
L 
321 LB MIL-H-5606 
CASE DRAIN EXIT 7 0 0 ~  
BULK F'LUID AT 620R 
45 HP HJUT LOAD 
6 GPM CASE DRAIN F L O W  
584R H2 I N T O  LUBE COOLER 
321 LB MIL-H-5606 
CASE DRAIN EXIT 70011 
0 BULK FLUID AT 670R 
0 16.5 HP HEAT LOAD 
0 6 GPM CASE DRAIN FLOW 
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Figure 19. Integrated Re-Fillable H2 Feed  System 
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(Po in t  A).  Usage of  hydrogen by the  APU t h e n  d r o p s  t h e  p r e s s u r e  i s e n t r o p i c a l l y  
t o  500 p s i a  a t  which time the  check  valve  opens and the tank i s  m a i n t a i n e d  a t  
500 p s i a  by  the  addi t ion  of  pressure  regula ted  300 R gas from the APS accumula- 
t o r   ( P o i n t  B ) .  The APU con t inues   t o   d raw  o f f   l i qu id  ( B  t o  C) u n t i l   t h e  
temperature   reaches some  maximum limit T (100 R) , a t  which time the APS 
pump i s  s t a r t e d  and  the  tank i s  r e f i l l e d  (C t o  A). Some sample  computer  uns 
showing opera t ing  dynamics  dur ing  re f i l l  ( B  t o  C) a r e  shown i n  F i g ,  2 0 .  
C 
The d i g i t a l  s i m u l a t i o n  was !wrformed  by  North  American  Rockwell's  Space 
Divis ion.   For   these  runs a maximum temperature  o f  7 5  R was used  and a 
pressure   range   of  500 t o  1500 p s i a .  The r e f i l l   c y c l e  i s  computed i n   a b o u t  
10 seconds with a tank  capac i ty  increase  f rom 30 to  59 pounds  of  5ydrogen. 
The APS  pump  flOW i s  3 . 2  l b / s e c  a t  a speed of 85000 rpm. A 14 f t  tank 
( 3  f t  d i a . )  i s  used  with 1 7  r e f i l l  c y c l e s  b e i n g  needed to   p rov ide  500 pounds 
of  hydrogen,  which  would  be  required  for 3 o r b i t e r  A P U ' s .  An op t imiza t ion  
was p e r f o r m e d  t o  e v a l u a t e  t h e  s e n s i t i v i t y  o f  r e c h a r g e  c y c l e s  and  turbopump 
propel lan t  pena l ty  wi th  the  hydrogen  tempera ture  a t  the  beginning  of 
r e f i l l .  R e s u l t s  (Fig.  21 ) i n d i c a t e  l i t t l e  i n c e n t i v e   f o r   g o i n g   t o  t e m p e r a t u r e s  
above 100 R s i n c e  improvement i n  e x p u l s i o n  e f f i c i e n c v  i s  a very  weak func t ion  
of   t empera ture   above   th i s   po in t .  The performance  of  the 100 R sys t em i s  
summarized i n   F i g .  21 i n d i c a t i n g   t h a t  13 r e f i l l  c y c l e s  are r equ i r ed   t o   supp ly  
t h r e e  o r b i t e r  APU's. The Space   Div is ion ' s  estimate of   the number of   recharge  
cyc le s  r equ i r ed  when us ing  300 R gas  from  the APS accumulator i s  7 p e r  APU so  
t h a t  a s i g n i f i c a n t  r e d u c t i o n  (40 p e r c e n t )  i n  t h e  number of APS  pump cyc le s  i s  
a l so  a very  impor tan t  advantage  of  the  re f i l l ab le  sys tem.  
The t o t a l  w e i g h t  p e r  o r b i t e r  APU of  the  th ree  sys  tems i s  summarized i n  T a b l e  7 , 
which includes the basel ine APU weight  (233 l b s )  , chargeable  APU weight,  and 
burned  propel lant   weight .  The major   chargeable   pena l ty   in   the  pump fed  s.ystem 
i s  the weight  of  the pump (a  r ec ip roca t ing  type  o f  des ign  by Cosmodyne 
Corporat ion) .   This  pump e s s e n t i a l l y   r e p l a c e s   t h e   p r e s s u r e   r e g u l a t o r   i n   t h e  
base l ine  sys tem wi th  the  addi t ion  o f  a hydrau l i c  moto r  d r ive .  The SPC pena l ty  
fo r   d r iv ing   t he   hydrau l i c   mo to r  i s  i n d i c a t e d   i n   T a b l e  7 as 27 pounds  which 
r ep resen t s   abou t  10 percent   o f   the   burned   propel lan t   weight .  The r e f i l l a b l e  
sys tem represents  a p e n a l t y  o f  c l o s e  t o  50 percent  and the ACS i n t e g r a t e d  
sys tem represents  a p e n a l t y  c l o s e  t o  70 pe rcen t  o f  t he  bu rned  p rope l l an t  
weight.   Weight  savings  over APS i n t e g r a t i o n  i s  a l s o  shown, i n d i c a t i n g  a s i g -  
n i f i c a n t  a d v a n t a g e  f o r  t h e  r e f i l l a b l e  s y s t e m  ( 6 4  l b s )  and a ve ry  l a rge  sav ing  
(134  l b s )  f o r  t h e  pump fed   sys t em.   Fu r the r   i n   dep th   s tudy  o f  the  systems i s  
recommended w i t h  r e s p e c t  t o  w e i g h t ,  r e l i a b i l i t y ,  d e v e l o p m e n t  r i s k ,  a n d  
performance i n  o r d e r  t o  a c c u r a t e l y  assess t h e  r e l a t i v e  merits and disadvantages 
of  each.  
C. APU  INSTALLATION 
Figure  22 summarizes  an  overall   heat  exchange  study  to  determine how  much 
h e a t  r e j e c t i o n  from  the APU can   be   expec ted   in  a v e h i c l e  i n s t a l l a t i o n .  Major 
heat  sou rces  in  the  sys t em are i n d i c a t e d  i n c l u d i n g  t h e  r e g e n e r a t o r ,  t u r b i n e ,  
exhaust   manifold,   turbine  housing  and  the  combustor ,  The maximum s u r f a c e  
temperature  i s  1600 F for   the  combustor  wal l .  I f  a l l  of   these   major   hea t  
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RECHARGE  PRESSURE BAND 
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TABLE 7 
FEED SYSTEMS WEIGEl' SUMMARY 
ORBITER WHICLE-WEIGBT PER APU 
w 
Q 
ACS INTEGRATED 
BASELINE A.KJ 233 
CHARGWU TO APU 199 
H2 CONDITIONING 145 
GG USAGE TANKAGE 3 
SUPPLEHENTAL 300R 
Hz FOR  COOLING 
BURNED PROPELLAN!r 306 
(HCR ORBITER) 
TOTAL 
SAVINGS OVER ACS 0 
MELINE APU 233 
XAWWLE TO APU 135 
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Figure 22. APU Overall Heat Exchange 
s o u r c e  s u r f a c e s  a r e  u n i n s u l a t e d ,  a hea t  loss o f  c l o s e  t o  10 B t u ' s / s e c  r e s u l t s .  
P rov id ing  abou t  ha l f  an  inch  o f  qua r t z  f ibe r  i n su la t ion  on t h e s e  components y i e l d s  
a maximum 500 F sur face  tempera ture  and r educes  the  hea t  l o s s  by about a f a c t o r  
of 3 down to  3 .15  B tu ' s / s ec .  Fo r  a 6000-second  orbi ter   mission,   and  consider ing 
an  equiva len t  sur rounding  vehic le  mass o f  2000 pounds  of  s tee l ,  the  above  hea t  
l o s s  t o  t h e  v e h i c l e  would resu l t  i n  a t e m p e r a t u r e  r i s e  o f  about 100 F.  
Figure 23 shows the  APU a s  i t  may b e  i n s t a l l e d  w i t h i n  t h e  v e h i c l e  i n d i c a t i n g  
t h e  a c c e s s i b i l i t y  f o r  component i n s p e c t i o n  and   rep lacement .   Spec i f ica l ly ,  
h y d r a u l i c  p m p s  are e a s i l y  a c c e s s i b l e  and r ep laceab le  as is  t h e  a l t e r n a t o r .  
The turb ine  exhaus t  duc t  i s  a l s o  e a s i l y  removed as are t h e  e l e c t r o n i c  c o n t r o l s  
and power c o n t r o l  v a l v e  w i t h i n  t h e  v e h i c l e  i n s t a l l e d  u n i t .  The complete APU 
assembly is comple te ly  conta ined  wi th in  the  s t ruc ture  and  as a modular  un i t  
could be removed  and another complete APU assembly  cou ld  be  in s t a l l ed  in  the  
veh ic l e .  
Figure 24 d e p i c t s  t h e  APU a d a p t a b i l i t y  t o  a n  a i r  b r e a t h i n g  t u r b i n e  i n s t a l l a -  
t i o n .  M o d i f i c a t i o n s  t o  t h e  g e a r  box inc lud ing  a c l u t c h  would permi t  the  APU 
to  be  coupled  to  a JP t u r b i n e  u n i t  f o r  i n t e g r a t i o n  i n t o  a veh ic l e .  
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Figure 23. System Installation Accessibility 
Figure 24. APU Adaptability to Air  Breathing  Turbine 
V SYSTEM  OPERATION 
Figure  25 summarizes  the APU operat ional   analysis   conducted  during  Phase I1 
of   the  program.  Steady-state   and  t ransient   performance  of   the APU system was 
i n v e s t i g a t e d  o v e r  t h e  e n t i r e  f l i g h t  o p e r a t i o n a l  e n v e l o p e  u s i n g  a n  a n a l o g  model 
as the   p r imary   ana lys i s   too l .  The fol lowing  boundary  condi t ions were imposed 
on the system during the s tudy:  
Inlet  hydrogen pressure between 500 t o  1,000 p s i  
Inlet  hydrogen temperature  between 75  R and 5-00 R wi th  a ra te  of change 
of  10O0/sec 
I n l e t  oxygen pressure between 500 and 1,000 p s i  w i th  a rate of change of 
250 p s i / s e c  
I n l e t  oxygen temperature between 300 R and 500 R 
Hydraulic system cooling loads of zero and 100 p e r c e n t ,  
An ambient temperature range of from -65 F t o  +300 F 
An ambient  pressure range from zero to  14.7 p s l a  w i t h  a ra te  change of 
6/ lOths of  a p s i / s e c  
Power demand var ia t ions between zero and 100 pe rcen t  w i th  a maximum 
step change from 10 to  100 percent ,  cons ider ing  a 7 5  mil l i s econd  veh ic l e  
hydraul ic  system response time. 
A l l  c r i t i c a l  p a r a m e t e r s  o f  t h e  APU when o p e r a t e d  i n  b o t h  a pulse  and  pressure  
modulated mode were s a t i s f a c t o r i l y  c o n t r o l l e d  o v e r  t h e  f l i g h t  o p e r a t i o n a l  
enve lope   i nves t iga t ed .   Turb ine   i n l e t   t empera tu re  w a s  h e l d  t o  a maximum 
momentary excurs ion  of  100 R above the design point  during the most  severe 
ope ra t ing  power t r a n s i e n t .  When con t ro l   t o l e rances  are i n c l u d e d ,   t h i s  would 
r e p r e s e n t  a t o t a l  momentary excursion  of  125 degrees.   Turbine  speed was h e l d  
wi th in  a band  of +3-1/2 pe rcen t .  Hydrau l i c  o i l  t empera tu re  a t  the  case  d ra in  
e x i t  was h e l d  w i t h i n  a range of  ambient  to  728 R. M a x i m u m  l u b e  o i l  t e m p e r a t u r e  
was he ld  wi th in  a range of  ambient  to  720 R. 
A.  OPERATIONAL DESCRIPTION 
Figure  26 i l l u s t r a t e s  a schematic  of the  APU propel lan t  condi t ion ing  sys tem.  
The major components within the hydrogen feed system are as fo l lows:  
The shu to f f  va lves  o r  p re -va lves ,  i n  bo th  the  hydrogen  and  oxygen l i n e s  
i s o l a t e s  t h e  APU from the APS supply.  
The hydrogen  p res su re  r egu la to r  e s t ab l i shes  a p res su re  l eve l  t h roughou t  t he  
en t i r e   p rope l l an t   cond i t ion ing   sys t em.   Th i s   p re s su re   wh ich  i s  r e g u l a t e d  t o  
approximately 460 p s i a  a t  the  va lve  d rops  to  440 p s i a  a t  the  TPU i n l e t  d u r i n g  
h igh  power l e v e l  o p e r a t i o n .  
The regenera tor  provides  the  pr imary  propel lan t  condi t ion ing  for  the  APU. 
The h e a t  s o u r c e  f o r  t h i s  c o n d i t i o n i n g  is  provided by the turbine exhaust  gas .  
The regenera tor  bypass  valve con t ro l s  t h i s  hea t  f l ux  in to  the  hydrogen  sys t em 
i n  o r d e r  t o  e s t a b l i s h  a cont ro l led  TPU-in le t  t empera ture  of 650 R i n  l i g h t  o f  
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Propellant  Conditioning  System 
vary ing  hydraul ic  cool ing  loads  and  APS supply temperatures .  
The hydrau l i c  coo le r  p rov ides  coo l ing  of the  vehic le  hydraul ic  sys tem.  The 
hydrau l i c  coo le r  bypass  valve con t ro l s  t he  coo l ing  ra te  by vary ing  the  
hydrogen f low through the cooler  as a func t ior r  of  hydraul ic  case  dra in  
tempera ture ;  i . e . ,  a l l  hydrogen flow i s  bypassed  a round the  cooler  un t i l  the  
case  dra in  tempera ture  reaches  600 R. 
The lube  cooler  provides  a l l  the required cool ing of  the lube oi l  system. 
There are no active c o n t r o l s  a s s o c i a t e d  w i t h  t h e  l u b e  c o o l e r  s i n c e  t h e  
hydrogen  s ink  tempera ture  for  the  cooler  i s  c o n t r o l l e d  w i t h i n  210 degrees  over  
t h e  e n t i r e  o p e r a t i o n a l  e n v e l o p e .  
Heat  passes from the  hydrogen  to   the  oxygen  in   the  temperature   equal izer .  A t  
t he  ex i t  o f  t he  equa l i ze r ,  t he  hydrogen  and  oxygen f l u i d s  are brought  wi th in  a 
proximity  of  - +25 degrees   o f   each   o ther .  
The d i f f e r e n t i a l  p r e s s u r e  r e g u l a t o r  l o c a t e d  i n  t h e  oxygen feed system serves t o  
equalize  hydrogen  and  oxygen  pressures a t  t h e  i n l e t  t o  t h e  TPU. Hydrogen  and 
oxygen p res su re  are s e n s e d  j u s t  downstream of  the equal izer  and directed to  
t h e   d i f f e r e n t i a l   p r e s s u r e   r e g u l a t o r .  The hydrogen   s igna l   t o   t he   r egu la to r  
i s  i n t e r r u p t e d  by a tu rb ine  in l e t  t empera tu re  l i m i t  cont ro l  which  b iases  the  
OP regula tor  hydrogen  s igna l  in  such  a manner as to  r educe  mix tu re  r a t io  
when turb ine  in le t  t empera ture  exceeds  same p re  se t  re ference  va lve .  
The a t t enua to r  t anks  func t ion  i s  t o  i s o l a t e  t h e  p u l s i n g  f l o w  c h a r a c t e r i s t i c  
developed by the "on-off"  actuat ion of  the power con t ro l  va lve  f rom the  p rope l l an t  
condi t ion ing  sys tem,  thereby  a l lowing  cont inuous  f low wi th in  the  propel lan t  
condi t ioning system. 
In  o rde r  t o  ach ieve  the  p rope r  a t t enua t ion  o f  t he  pu l se  f low,  the  hydrogen  
a t t enua to r   t ank  i s  s i z e d  a t  2 c u b i c  f e e t .  The oxygen  tank i s  s i z e d  a t  
approximately 1/16th that volume, which i s  t h e  r a t i o  of the molecular  weight  
o f  t he  two f l u i d s .  
The shu to f f  va lve  which i s  a mechanica l ly  l inked  b i -propel lan t  va lve  provides  
both  normal  and  emergency  shut down f u n c t i o n s  f o r  t h e  APU. 
Seve ra l  mod i f i ca t ions  were i n c o r p o r a t e d  i n  t h e  APU system during the Phase I1 
program. 
A f ixed hydrogen bleed of approximately 7 pe rcen t  w a s  placed around both 
hydrau l i c   and   l ube   o i l   coo le r s .   Th i s  w a s  done i n  o r d e r  t o  i m p r o v e  t h e  c o n t r o l  
o f  TPU i n l e t  t e m p e r a t u r e  as accomplished by the regenerator bypass valve.  
The AP regulator  which had been located downstream of  the temperature  equal izer  
was moved upstream.  This was done i n  o r d e r  t o  i s o l a t e  t h e  f l u i d  c a p a c i t a n c e  
and i n e r t i a  o f  t h e  ACS supply system from the APU prope l l an t  cond i t ion ing  
sys tem.   Spec i f ica l ly ,   wi th   the  A P  r e g u l a t o r   i n  i t s  former  downstream 
p o s i t i o n ,  a n  oxygen supply pressure bui ld-up of  250 p s i / s e c  r e s u l t e d  i n  an 
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oxygen flow surge through the equalizer which caused momentary low oxygen  temper- 
a tures  a t  the  TPU i n l e t  and a severe mixture  ra t io  excursion.  Relocat ion o f  t he  
AI) r e g u l a t o r  n u l l i f i e d  this problem. 
Control o f  cool ing  load  in  the  hydraul ic  cooler  had previously been regulated by 
a thermostatic bypass valve on the hydraul ic  f low side o f  the heat exchanger. Dur- 
ing  cer ta in  APU power t r a n s i e n t s  which r e s u l t e d  i n  low wall t empera tu res  wi th  l i t t l e  
hydraulic  through  flow, a f reez ing  condi t ion  resu l ted  a t  t he  coo le r  ex i t .  By sub- 
s t i t u t i n g  a hydrogen bypass valve i n  p lace  of  the  hydraul ic  thermosta t ic  va lve ,  whis 
problem was a l l ev ia t ed .  
The lube oil  cooler bypass valve was eliminated when it was learned by inves t iga-  
t i on  o f  APU operat ion over  the f l ight  and  power p r o f i l e  t h a t  t h e  p r o p e l l a n t  con- 
ditioning system maintained a near constant hydrogen sink temperature at  the cooler 
e x i t  which enabled control of lube oil  temperature within an acceptably small band. 
During startup, heat f lows from the  hydrogen in to  the  lube  o i l ,  when t h e  o i l  and 
APU hardware a r e  i n i t i a l l y  a t  b o t h  -65 F and 60 F ambient, thereby preventing 
congealing of the oil .  
Figure 2 7  i s  used to  schemat ica l ly  i l lus t ra te  the  turbopower  uni t  and hydraul ic  and 
lube  oil   systems. The turbopower  unit (TPU) receives  hydrogen  and  oxygen, as sup- 
p l i ed  by the propellant conditioning system, under controlled pressure and tempera- 
ture  condi t ions.  The power cont ro l  va lve  serves  to  cont ro l  TPU speed  under  varying 
power demands. The valve  has two s t ab le   pos i t i ons ,  open  and closed.  I t  i s  d i rec ted  
to  these  pos i t lons  as a func t ion  of  a cont ro l  s igna l  which attempts to hold speed 
within a pre-described  band. The turbopower u n i t  is  s ized  to  provide  5 percent 
excess power a t  s ea  l eve l  w i th  a gear box  power demand of  400 horsepower.  Heat is 
generated w i t h i n  the lube oi l  system a t  the' r a t e  p ropor t iona l  t o  power l e v e l ,  A t  
max power, this  heat  load i s  approximately 3 percent o f  the gear  box output o r  
9.6 Btu's/second, and a t  i d l e  power (33 horsepower a t  t h e  g e a r  box) the heat load 
i s  4.96  Btulsec.  Approximately 8 pounds of l u b r i c a t i n g  o i l  i s  in  the  system  with 
6.5 pounds i n  the  reservoi r .  The primary heat source within the hydraulic system i s  
a t  t he  hydrau l i c  pumps where the  case  dra in  f lu id  p icks  up  32 Btu/sec under  ful l  
(3 ,000 ps i )  p ressur iza t ion  condi t ions .  Under a depressurized  condition  of 1,000 
ps i ,  the  hea t  load  is  reduced t o  15 Btu/sec.   Case  drain  f luid is  d i rec ted  from the  
pumps to  the  hydraul ic  cooler  where heat  i s  t r ans fe r r ed  to  the  hydrogen system. 
Approximately 25 gal lons of  hydraul ic  oi l  i s  cooled by each APU.  Approximately 90 
percent of the heat load i s  t ransferred into the hydraul ic  system of  the case drain 
cooling  passages which passes a small f ract ion of  the total  hydraul ic  f low.  The 
remaining 10 percent i s  introduced into the hydraul ic  system a t  the  servo  ac tua tors .  
Figure 28 describes a schematic of the pressure modulated APU system.  There  are 
only three significant hardware changes i n  converting from a pu l se  to  p re s su re  
modulated  system:  the power control  valve is  changed from an  on-off  valve t o  a 
mechanical-linked, servo actuated, modulating valve located upstream of the shut 
off  valve.  The at tenuator  tanks are  e l iminated from the  propel lan t  condi t ion ing  
system. The TPU employs a tu rb ine  and combustor design which i s  optimized f o r  
pressure modulation of power over  the  f l igh t  opera t iona l  envelope;  th i s  in  genera l  
e n t a i l s  a lower turbine design pressure rat io  and a deep t h r o t t l i n g  combustor  de- 
sign.  Aside from some addi t iona l   e lec t ronic  and control  logic  changes,   the  pres- 
sure modulated and pulse systems are the same employing the  same bas ic  opera t iona l  
philosophy. 
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Figure 27.  APU System Schematic 
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Figure 28. APU System  Schematic, Pressure Modulated 
B. - ANALOG MODEL SIMULATION 
Figure 29 descr ibes  the  cons t ruc t ion  and  use  of  the  ana log  model as employed i n  
t h e  o p e r a t i o n a l  a n a l y s i s .  The APU system w a s  d iv ided  in to  approximate ly  60 
s e c t i o n s  and nodes for  development  of  a comprehensive mathematical model. 
For  these  sec t ions  involv ing  thermodynamics ,  hea t  t ransfer  coef f ic ien ts  were 
computed as a func t ion  o f  f lu id  p rope r t i e s ,  t he rma l  capac i t ance  o f  t he  w a l l  
was considered as w e l l  as f l u i d  h e a t  t r a n s p o r t  c h a r a c t e r i s t i c s  and delays.  
F lu id  dynamics i n  e a c h  s e c t i o n  was  represented  by momentum equat ions  inc luding  
v a r i a b l e  r e s i s t a n c e ,  f l u i d  c a p a c i t a n c e  and i n e r t i a  ( c h a r a c t e r i s t i c s  w h e r e  
app l i cab le ) .  Hydrau l i c  pump loads on the gear  box were determined as a f u n c t i o n  
of  power l e v e l ,  and based upon a va r i ab le  d i sp l acemen t  con t ro l  t o  ma in ta in  
hydraul ic   p ressure .  Heat loads   in to   the   hydraul ic   sys tem computed as a 
func t ion  of  the  hydraul ic  sys tem pressure  leve l  i.e., d e p r e s s u r i z e d  o r  f u l l y  
p re s su r i zed .  The thermal   capaci tance of the  veh ic l e  hydrau l i c  sys t em was 
represented  and  had a s i g n i f i c a n t  e f f e c t  o n  t r a n s i e n t  p e r f o r m a n c e .  The lube  
o i l  system heat  load was v a r i e d  l i n e a r l y  as a funct ion  of  power level. With 
r e spec t  t o  the  con t ro l  sys t em s imula t ion ,  s enso r  dynamics  such  as thermo- 
couple response was represented  toge ther  wi th  cont ro l  log ic ,  va lve  f low 
c h a r a c t e r i s t i c s   a n d  valve dynamics .   In jec tor   in le t   t empera ture   and   mix ture  
r a t i o  t o g e t h e r  w i t h  c o m b u s t i o n  f l u i d  dynamics  formed t h e  b a s i s  f o r  s i m u l a t i o n  
of  the  combustor.  Off design  performance  of   the  turbine w a s  represented   over  
t h e  e n t i r e  o p e r a t i n g  r a n g e  and  inc luded  cons idera t ion  of  windage  losses  for  
pu l se  ope ra t ion .  
The analog model equat ions  w e r e  then mechanized on two AD-256 analog computers. 
A PDPA d i g i t a l  computer was u t i l i zed  to  au tomate  the  ana log  compute r  se t  
up procedure and also provide automatic  readout  of  system parameters .  
The analog model was used  for  the  fo l lowing  APU sys tem s tudies :  
syn thes i s   o f   t he  APU control   system.  Using  s tandard  synthesis  
procedures ,  the  cont ro l le r  ne tworks  and  log ic  for  each  of  the  APU 
c o n t r o l s  w a s  developed. 
s teady-s ta te  per formance  mapping o v e r  t h e  f l i g h t  o p e r a t i o n a l  p r o f i l e  
t ransient  performance under  power t r a n s i e n t s ,  d u r i n g  s t a r t  up  and 
s h u t  down o f  t h e  APU, and under  vary ing  propel lan t  supply  condi t ions  
and ambient temperatures and pressures 
t o   s u p p o r t   t h e   o v e r a l l   f a i l u r e  mode ana lys i s   s tudy .  Component f a i l u r e s  
were simulated on the model ,  the effects of t h e  f a i l u r e  e v a l u a t e d ,  and 
compensa t ion  cont ro ls  devised  to  e i ther  permi t  a "fail opll c o n d i t i o n s  o r  
i n i t i a t e  a s a f e  s h u t  down. 
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C a  CONTROL SYSTEM SYNTHESIS 
F igu re30  desc r ibes  a compar ison  of  th ree  methods  of  provid ing  turb ine  in le t  
t empera ture  cont ro l ,  and  the  se lec ted  phi losophy for  the  base l ine  sys tem.  
The f i r s t  method, shown a t  the  top  o f  t he  f igu re  employs a "feed forward" 
cont ro l  of  tu rb ine  in le t  t empera ture  through cont ro l  of  combust ion  mixture  
r a t i o  and in j ec to r   i n l e t   t empera tu re .   Con t ro l  of  m i x t u r e  r a t i o  i s  accomplished 
through pressure and temperature equalization of the oxygen and hydrogen 
f l u i d s  a t  t h e   i n l e t   t o   t h e   t u r b o p o w e r   u n i t .   C o n t r o l   o f   i n j e c t o r   i n l e t  
temperature  i s  accompl ished   wi th   the   regenera tor   bypass   cont ro l .  The advantages 
of  th i s  approach  are: 
(1 )  t u rb ine  in l e t  t empera tu re  con t ro l  does  no t  r e ly  on a h igh  response  
t u r b i n e  i n l e t  t e m p e r a t u r e  s e n s o r  
( 2 )  t h e r e  i s  little i n t e r a c t i o n  w i t h  t h e  power cont ro l   sys tem 
(3)  r a p i d  c o n t r o l  i s  provided to  accommodate s e v e r e  i n l e t  c o n d i t i o n s  and 
power t r a n s i e n t s  
A s ign i f i can t   d i sadvan tage  i s  tha t   con t ro l   o f   t u rb ine   i n l e t   t empera tu res  i s  
dependent upon the accuracy of  the  propel lan t  condi t ion ing  sys tem,  wi th  
r e s p e c t  t o  p r e s s u r e  and  tempera ture  equal iza t ion  and  f low charac te r i s t ics  of  
t h e  power c o n t r o l  v a l v e  a n d  i n j e c t o r .  
The second  method shown i n  F i g .  30 i s  a c l o s e d  l o o p  c o n t r o l  u t i l i z i n g  a t u r b i n e  
in l e t  t empera tu re  senso r  and  f eed  back  con t ro l  t o  ope ra t e  e i the r  p rope l l an t  
cond i t ion ing  sys t em va lves  o r  t he  power cont ro l   va lve .   This   cont ro l   ph i losophy 
has  the advantage of  not being  dependent  on  the  accurac ty  of  the  propel lan t  
condi t ioning,  combustor ,  or  TPU components,  but has the disadvantage of 
complete  re l iance on a h igh  r e sponse  tu rb ine  in l e t  t empera tu re  senso r .  
Fu r the rmore ,  t he  con t ro l  i n t e rac t s  s ign i f i can t ly  wi th  the  power cont ro l  sys tem.  
The th i rd  tu rb ine  in l e t  t empera tu re  con t ro l  ph i lo sophy  and  the  one  employed 
in  the  base l ine  sys t em e l imina te s  the  d i sadvan tages  a s soc ia t ed  wi th  each  o f  t he  
above  control   approaches.  A s  i n   t h e   f i r s t   c a s e ,   t u r b i n e   i n l e t   t e m p e r a t u r e  i s  
a " feed  fo rward"  con t ro l  t h rough  r egu la t ion  o f  mix tu re  r a t io  and i n j e c t o r  
i n l e t   t empera tu re .  As i n   t he   s econd   ca se ,  i t  u t i l i z e s  a tempera ture   sensor  
and a f eedback  con t ro l  t o  limit or  b i a s  t he  no rma l  tu rb ine  in l e t  t empera tu re  
con t ro l   func t ion .   Th i s  method e l i m i n a t e s  t h e  d i s a d v a n t a g e  o f  t h e  f i r s t  s y s t e m  
i n  t h a t  i t  i s  not  en t i re ly  dependent  on  the  accuracy  of the  propel lan t  condi -  
t i on ing  sys t em,  o r  t u rbopower  un i t  f l ow cha rac t e r i s t i c s ;  i t  e l imina te s  the  
d isadvantage  of  the  second approach  in  tha t  i t  d o e s  n o t  r e l y  e n t i r e l y  o n  t h e  
h igh  r e sponse  tu rb ine  in l e t  t empera tu re  senso r ,  and t h e r e  i s  l i t t l e  i n t e r -  
a c t i o n  w i t h  t h e  power control  system. 
The ove ra l l  con t ro l  sys t em ph i losophy  fo r  bo th  the  pu l se  and pressure modulated 
APU systems i s  dep ic t ed   i n   F ig .  31 . The fou r   bas i c   pa rame te r s   t o   be  
c o n t r o l l e d  are t u r b i n e  s p e e d ,  t u r b i n e  i n l e t  t e m p e r a t u r e ,  h y d r a u l i c  o i l  t e m p e r a -  
t u r e ,  and lube   o i l   t empera ture .   Turb ine   speed  i s  c o n t r o l l e d  by t h e  power c o n t r o l  
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valve ,  and ,  u t i l i z ing  a closed loop control,  maintains TPU speed within a 3.5 
percent  speed  band  under a l l  ope ra t iona l  t r ans i en t s .  Turb ine  in l e t  t empera tu re  is 
maintained within 100 R of the design value through "feed forward" control of in- 
jec tor  in le t  t empera ture  and mixture  ra t io ,  wi th  a feed back limit cont ro l  which is  
inactive  during most APU t rans ien ts .  Hydraul ic  o i l  t empera ture  i s  cont ro l led  by 
tllc hydraulic cooler bypass valve, and lube oi l  temperature  i s  cont ro l led  pass ive ly  
wi th in  the  lube  o i l  coo le r ;  t h i s  pas s ive  con t ro l  i s  made possible  by ' the near  con-  
s t a n t  hydrogen sink temperature.  
l?le d e t a i l s  of the APU primary  control  elements  are shown in  F ig .  32 .  Control  of 
t h e  hydrogen TPU in le t  t empera ture  i s  accomplished through actuation of the regen- 
erator bypass valve.  
A reference temperature of  650 R i s  compared to  the  sensed  TPU in le t  t empera ture .  
Any e r r o r ,  E i s  d i r ec t ed  to  a proport ional  + i n t eg ra l  t ype  con t ro l l e r ,  which po- 
s i t ions  the  va lve  in  such  a manner as to eliminate the error.  For example,  i f  t h e  
hydrogen TPU in le t  t empera ture  is 10 R over temperature, t h e  c o n t r o l l e r  will gen- 
e r a t e  a s igna l ,  XiP, to  the bypass  valve,  which will open the valve a t  2 .5  
percent / sec  in  or er to  reduce the temperature .  The in t eg ra l  po r t ion  o f  t he  con- 
t ro l l e r  p reven t s  dev ia t ion  from the referenced 650' under a l l  s teady-state  oper-  
a t ing  condi t ions .  
T 
The AP regula tor  i s  a proport ional  control  with a response of 1 .6  cps .  The reg- 
ulator  holds  oxygen pressure approximately equal to the hydrogen pressure at  the 
equal izer  where both  pressures  are  sensed.  Small  deviations o f  cont ro l led  oxygen 
pressure from the reference hydrogen pressure will e x i s t  due t o  unbalanced flow 
fo rces  in  the  r egu la to r  va lve ,  and due t o  t h e  s p r i n g  r a t e ,  o r  d r o o p ,  which r e s u l t s  
in a 6 p s i  dev ia t ion  between zero and wide open pos i t ion .  
The hydraul ic  oi l  temperature  bypass  control  i s  a proport ional  control  which  by- 
passes a l l  the hydrogen when the case drain temperature  is less  than 600 R and 
d i r e c t s  a l l  t he  hydrogen through the cooler a t  a temperature of 650 R o r  g rea t e r .  
Under i d l e  power conditions for example, the case drain temperature is 640 R and 
the  bypass  valve i s  a t  approximately 20 percent open. (Alower c o n t r o l  s e t t i n g  o f  
530 R f o r  i n i t i a t i o n  o f  coolant hydrogen would be preferab le  and would provide  for  
somewhat cooler  oi l  temperatures  .) 
'The speed  control i s  an on-off  type. A c losed  s igna l  to  the  power control  valve 
occurs when speed  exceeds  1117 rpm above the design speed. An open s i g n a l  t o  t h e  
power control valve occurs when speed exceeds 1080 rpm above the design speed. 
Due to  the  de l ay  in  e l ec t r i ca l ly  ene rg iz ing  the  va lve  so l eno id  (12 mill iseconds) 
and in  the  va lve  ac tua t ion  time (8 mil l iseconds) ,  and the varying accelerat ion and 
dece lera t ion  rates of  the  TPU dependent upon  power leve l ,  the  ac tua l  speed  and 
va r i e s  somewhat over the operational range. 
Details  of  the APU secondary  controls are summarized in  F ig .  33. The gaseous  hy- 
drogen regulator i s  a proport ional  control  with a control range or droop of 4 p s i  
and a response of 1.6  cycles  per  second. The regulator  spr ing preload i s  s e t  t o  
provide a reference pressure o f  463 p s i .  The other secondary control elements are 
limit controls  which are  only act ive during some extreme t ransient  or  as the  re -  
s u l t  o f  a f a i l u r e  mode. 
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The lube . b i l  and TPU i n l e t  t e m p e r a t u r e  l i m i t  c o n t r o l s  are of the  p ropor t iona l  
type.  Should  the  lube o i l  t e m p e r a t u r e  a t  the   en t r ance   t o   t he   coo le r   exceed  
730 R, a s i g n a l  i s  d i r ec t ed  to  the  hydrau l i c  bypass  va lve ,  wh ich  a lgeb ra i ca l ly  
b i a ses  the  no rma l  con t ro l  s igna l ,  t o  open  the  valve and provide cooler hydrogen 
t o  t h e  l u b e  o i l  c o o l e r .  T h i s  c o r r e c t i v e  a c t i o n  is  accomplished a t  the  expense 
of reducing   the   hydraul ic   sys tem  cool ing  rate. However,  due t o  t h e  l a r g e  
thermal  capaci tance of the hydraul ic  system complete  loss of cool ing  would 
o n l y  r e s u l t  i n  a case d ra in  t empera tu re  rise of 22 R/minute ,  under  fu l l  
h y d r a u l i c  p r e s s u r i z a t i o n  c o n d i t i o n s .  
Should the TPU hydrogen inlet  temperature  exceed a re ferenced  va lue  of  660' 
a similar b i a s e d  s i g n a l  i s  d i r e c t e d  t o  t h e  h y d r a u l i c  c o o l e r  b y p a s s  v a l v e  t o  
ove r r ide  i t s  normal  funct ion,  bypass  more hydrogen and thereby reduce the TPU 
in l e t  t empera tu re .  
The t u r b i n e  i n l e t  t e m p e r a t u r e  l i m i t  c o n t r o l  i s  a p ropor t iona l  con t ro l  w i th  a 
response of 1 .6   cyc les   per   second.   Should   the   tu rb ine   in le t   t empera ture  
exceed 50°' above the design point  of  2060 R ,  the  hydrogen sensing s ignal  
t o  t h e  i A P  r e g u l a t o r  i s  b i a s e d  i n  s u c h  a manner as to  decrease  the  mixture  
r a t i o  t o  t h e  TPU. This i s  mechanized by use of  a v a r i a b l e  p r e s s u r e  d i v i d e r  
which bleeds down the sensed hydrogen pressure,  thereby reducing the s ignal  to  
t h e  r e g u l a t o r .  T h i s  r e s u l t s  i n  a reduced  regulated  oxygen  pressure  and  lower 
mixture   ra t io .   For   every  degree  above  the 2110 degree   re fe rence ,   the   p ressure  
s i g n a l  t o  t h e  A P  r e g u l a t o r  i s  biased  0.6 p s i .  
No s p e c i a l  s tart  up c o n t r o l s  are requi red   for   the   pu lse   sys tem.   For   the  
pressure  modula t ion  sys tem,  the  normal  speed  cont ro l  c i rcu i t  i s  i n i t i a l l y  
deac t iva t ed ;  t he  power c o n t r o l  v a l v e  i s  ramped open i n  1 second,  and when a 
speed of approximately 50,000 APU i s  a t t a i n e d  t h e  s p e e d  c o n t r o l  c i r c u i t  i s  
a c t i v a t e d .  
D .  STEADY-STATE PERFORMANCE 
Af te r  synthes iz ing  the  cont ro l  sys tem,  the  APU analog model was then used to  
inves t iga t e   s t eady- s t a t e   pe r fo rmance   ove r   t he   f l i gh t   ope ra t iona l   eve lope .  A 
t o t a l  o f  30 s t eady- s t a t e  runs  were conducted a t  va r ious  power l e v e l s ,  p r o p e l -  
l a n t  i n l e t  and  ambient   condi t ions.   Every  area  of   the   operat iqnal   envelope 
was probed in  sea rch  o f  po ten t i a l  p rob lem areas. A sampling  ofsome  of   these 
tes ts  are d i scussed  in  the  fo l lowing  pa rag raphs .  
Figure 34 demons t r a t e s  ab i l i t y  o f  t he  APU t o  accommodate wide ranges i n  power 
demand unde r  s t eady  s t a t e  cond i t ions .  Opera t ion  o f  t he  APU was i n v e s t i g a t e d  
unde r  nomina l  i n l e t  t ond i t ions  a t  10 ps i  ambient  pressure  a t  b o t h  i d l e  and m a x -  
imum power. The h y d r a u l i c  o i l  t e m p e r a t u r e  w a s  he ld  wi th in  a range  of  87O from 
641 a t  i d l e  t o  728 R a t  max. The l u b e  o i l  t e m p e r a t u r e  was he ld  wi th in  a range 
of  16' from 704 a t  i d l e  t o  720 a t  m a .  The hydrogen  sink  temperature f o r  t h e  
p a s s i v e  l u b e  o i l  c o o l e r  was he ld  cons t an t  a t  672O f o r  b o t h  i d l e  and m a x  power. 
The hydrogen TPU i n l e t  t e m p e r a t u r e  ( i .e . ,  i n j e c t o r  i n l e t  t e m p e r a t u r e )  was 
c o n t r o l l e d  a t  650° wi th  no  dev ia t ion  be tween  id l e  and max power. A t  t h e  e x i t  
o f  t he  equa l i ze r  oxygen temperature was he ld  wi th in  f2S0 of  the hydrogen e x i t  
temperature .  The cha rac t e r i s t i c s  o f  t he  coun te r  f low equa l i ze r  hea t  exchange r  are 
s u c h  t h a t  a t  i d l e  power  (low p r o p e l l a n t  f l o w r a t e s )  t h e  oxygen e x i t  temperature  
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is 20 R above that  of  the hydrogen exi t  temperature ,  and a few degrees  below the 
hydrogen   in le t   t empera ture .  A t  maximum power l e v e l ,  t h e  oxygen e x i t  tempera ture  
i s  25 R less than  the  hydrogen e x i t  tempera ture .   This   t ends   to   increase   mix ture  
r a t i o  w i t h  i n c r e a s i n g  power level.  However,  an o f f s e t t i n g  a c t i o n  i s  provided by 
t h e  p r e s s u r e   e q u a l i z a t i o n   c o n t r o l  CAP r e g u l a t o r ) ,   N o t e ,   t h a t   t h e  AP r e g u l a t o r  
equa l i zes  TPU i n l e t  oxygen  and  hydrogen  pressures (460 p s i )  a t  i d l e  power leve l .  
A t  maximum power the  oxygen/hydrogen  d i f fe ren t ia l  p ressure  is  4 p s i  ( d u e  t o  t h e  
r e g u l a t o r  d r o o p  c h a r a c t e r i s t i c s )  i n  t h e  d i r e c t i o n  t o  r e d u c e  m i x t u r e  r a t i o .  The 
o v e r a l l  r e s u l t  is  t h a t  t u r b i n e  i n l e t  temperature  decreases  f rom a s e t t i n g  o f  
2030 R a t  i d l e  power t o  1995 R a t  maximum power l e v e l .  
In the  case  of  a pressure  modula ted  sys tem,  the  combustor  charac te r i s t ics ,  i . e . ,  
C s tar  ef f ic iency ,   improves   wi th  power l e v e l  r e s u l t i n g  i n  an increase i n  t u r b i n e  
i n l e t   t e m p e r a t u r e .  A 3 - p e r c e n t   v a r i a t i o n   i n  C s tar e f f i c i e n c y ,  which was in -  
c o r p o r a t e d  i n  t h e  d i g i t a l  model f o r  APU performance evaluat ion would r e q u i r e  a 10- 
p e r c e n t  m i x t u r e  r a t i o  a d j u s t m e n t  i n  o r d e r  t o  p r e v e n t  a t u r b i n e  i n l e t  t e m p e r a t u r e  
v a r i a t i o n .  A small C s tar  v a r i a t i o n   ( l e s s   t h a n   1 . 0   p e r c e n t )   c a n   b e   c o r r e c t e d  by 
increas ing  the  droop of  the  AP r e g u l a t o r  t h e r e b y  d e c r e a s i n g  m i x t u r e  r a t i o  a t  t h e  
h igh  power l eve l s .   La rge r  C star v a r i a t i o n s  would make it d i f f i c u l t  t o  a d j u s t  
with  the A P  r e g u l a t o r .  Two a l t e r n a t i v e s   e x i s t :   ( 1 )   u s e  a f l o w   r e s i s t a n c e   t o  
reduce  oxygen TPU i n l e t  p r e s s u r e s  a t  high propel lant  f low rates and; (2) contour  
the  mechan ica l ly  l i nked  b i -p rope l l an t  t h ro t t l e  va lve  to  ad jus t  area r a t i o  as a 
func t ion  of  power l e v e l .  
The a b i l i t y  o f  t h e  APU t o  o p e r a t e  w i t h  b o t h  f u l l  and zero  cool ing  loads i s  
demonst ra ted   in   F ig .  35 . Nominal p r o p e l l a n t   i n l e t   c o n d i t i o n s  w e r e  imposed  on 
the system a t  an ambient  pressure of 10 p s i  and an i d l e  power l e v e l  w i t h  a 
pressure  modulated power c o n t r o l .  With fu l l  coo l ing  the  r egene ra to r  bypass  
va lve  w a s  opened to about  82  percent.   With  zero  cooling, i t  w a s  forced  t o  
close t o  55 p e r c e n t  i n  order t o  i n c r e a s e  t h e  h e a t  f l u x  w i t h i n  t h e  r e g e n e r a t o r  
and  provide 590 R hydrogen  exi t   temperature .  A t  t he  en t r ance  t o  the   lube  o i l  
cooler ,  the hydrogen temperature  var ied only about  20 degrees (672 R) between 
the   fu l l   and   ze ro   hydrau l i c   coo l ing  cases. A t  t h e  e x i t  from the   coo le r   t he  
temperatures  were  the same (672 R) f o r  b o t h  f u l l  c o o l i n g  load and zero  cool ing  
l o a d ,  aga in  ind ica t ing  the  cons t an t  hea t  s ink  t empera tu re  fo r  t he  lube  o i l  
coo le r .  The hydrogen  temperature a t  the  en t r ance  t o  the  TPU w a s  he ld  a t  the  
cont ro l  va lue  of  650° under  both f u l l  and zero hydraul ic  cool ing.  There w a s  no 
e f f e c t  i n  t h e  o p e r a t i o n  of  the   t empera ture   equal izer .  The A P  r e g u l a t o r  c o n t r o l -  
l ed  almost- i den t i ca l ly  fo r  bo th  cases  the reby  p rov id ing  a t u r b i n e  i n l e t  
t empera ture  wi th in  3' under  both f u l l  and  zero  cooling. In summary, t h e  APU i s  
shown t o  h a v e  t h e  f l e x i b i l i t y  o f  o p e r a t i n g  w i t h  z e r o  h y d r a u l i c  c o o l i n g  w i t h  
e s s e n t i a l l y  no change in  speed  o r  t u rb ine  in l e t  t empera tu re ,  and  a v a r i a t i o n  
i n  t h e  l u b e  o i l  t e m p e r a t u r e  o f  a b o u t  20°. 
The a b i l i t y  o f  t h e  APU to  hand le  a wide  range of hydrogen supply temperatures 
a t  i d l e  power l e v e l ,  and sea l e v e l  i s  shown i n   F i g .  36. Analog  model  run 
452 r e p r e s e n t s  a 75O in l e t  hydrogen  t empera tu re  wi th  fu l l  coo l ing ;  run  456 ,  
a 400° hydrogen supply temperature with near zero cooling. The o the r  p rope l -  
l a n t  i n l e t  c o n d i t i o n s  were nominal and a pressure modulated power c o n t r o l  w a s  
u t i l i z e d  f o r  t h e s e  r u n s .  P o s i t i o n  o f  t h e  r e g e n e r a t o r  b y p a s s  valve was only  
s l i g h t l y  a f f e c t e d  s i n c e  t h e  loss of coo l ing  loads  was mostly compensated for 
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Figure 35. Steady-State  Performance - Cooling Load F l e x i b i l i t y  
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Figure 36. Steady-State Performance - 
Propellent Supply Flexibility 
by the  high  hydrogen  supply  temperature.  The l u b e   o i l   t e m p e r a t u r e  was c o n t r o l l e d  
w i t h i n  a n  18 R band i n  b o t h  c a s e s .  The lube  o i l  coo le r  hydrogen  s ink  t empera tu re  
was c o n s t a n t  a t  672 R, and the TPU i n l e t  t e m p e r a t u r e  was c o n t r o l l e d  t o  650 R. 
There was e s s e n t i a l l y  no e f f e c t  o n  t u r b i n e  i n l e t  t e m p e r a t u r e ,  s p e e d  o r  TPU 
i n j e c t o r  i n l e t  t e m p e r a t u r e s ,  a g a i n  d e m o n s t r a t i n g  d e s i g n  f l e x i b i l i t y  w i t h  
r e spec t  t o  p rope l l an t  supp ly  cond i t ions .  
Figure 37 d e p i c t s  t h e  s e n s i t i v i t y  o f  t u r b i n e  i n l e t  t e m p e r a t u r e  t o  a v a r i a t i o n  
o f   con t ro l   pa rame te r s   i n   t he   p rope l l an t   cond i t ion ing   sys t em.  Those  parameters 
which e f f e c t  t u r b i n e  i n l e t  t e m p e r a t u r e  are hydrogen pressure and temperature 
a t  the  en t r ance  to  the  TPU and oxygen pressure and temperature a t  t h e  e n t r a n c e  t o  
the  TPU. Sens i t i v i ty   o f   t u rb ine   i n l e t   t empera tu re   t o   va r i a t ions   i n   hydrogen  
p r e s s u r e  i s  e s s e n t i a l l y  z e r o  s i n c e  t h e  A P  regulator  equal izes  hydrogen/oxygen 
p res su re .  The s e n s i t i v i t y   o f   t u r b i n e   i n l e t   t e m p e r a t u r e s   t o   v a r i a t i o n s   i n  
hydrogen   i n j ec to r   i n l e t   t empera tu re  i s  about  1 degree p e r  degree.   Turbine 
i n l e t  t e m p e r a t u r e  i s  most s e n s i t i v e  t o  v a r i a t i o n s  i n  r e g u l a t e d  o x y g e n  p r e s s u r e  
a t  the  TPU i n l e t .  A 1 pe rcen t  va r i a t ion  in  oxygen  p res su re  p roduces  a 64-1/2O 
v a r i a t i o n   i n   t u r b i n e   i n l e t   t e m p e r a t u r e .   T h i s   s e n s i t i v i t y   c o u l d   b e   s u b s t a n t i a l l y  
reduced i f  a l a rge r  p re s su re  d rop  i s  t a k e n  a c r o s s  t h e  i n j e c t o r .  
For a pressure  modula t ion  sys tem,  the  sens i t iv i ty  of t u r b i n e  i n l e t  t e m p e r a t u r e  
v a r i a t i o n s  i n  oxygen p res su re  i s  reduced  to  14 due t o  t h e  u s e  Of choked 
t h r o t t l e   v a l v e s .  The s e n s i t i v i t y   o f   t u r b i n e   i n l e t   t e m p e r a t u r e   t o   v a r i a t i o n s  
i n  oxygen i n j e c t o r  i n l e t  t e m p e r a t u r e  i s  approximately 70 f o r  a one pe rcen t  
v a r i a t i o n  i n  t h e  oxygen temperature. 
0 
The v a r i o u s  s e n s i t i v i t y  e f f e c t s  p r o v i d e d  a n  i n p u t  f o r  e s t a b l i s h m e n t  o f  c o n t r o l  
s y s t e m  s p e c i f i c a t i o n s ,  i n  o r d e r  t o  m a i n t a i n  t u r b i n e  i n l e t  t e m p e r a t u r e  i n  a n  
acceptab le   range .  The s p e c i f i c a t i o n s   f o r   t h e   r e g e n e r a t o r   b y p a s s   c o n t r o l  are 
- +1 percen t ,  p rov id ing  a tu rb ine  in l e t  t empera tu re  r ange  of 12 R. The A P  
r egu la to r  has  an  accu racy  o f  21 .5  ps i  and a droop of .85 percent  over  the  range  
o f  i n l e t  c o n d i t i o n s  and  power l e v e l .  The major   port ion  of   the  droop i s  
a s s o c i a t e d  w i t h  power l e v e l  and i s  p r e d i c t a b l e ,  t e n d i n g  t o  r e d u c e  t u r b i n e  i n l e t  
t empera ture   wi th   increased  power level. The t empera tu re   equa l i ze r   ho lds  
oxygen temperature  within a 7 percent  range  of hydrogen temperature  f rom idle  
t o  m a x i m u m  power. T h i s  v a r i a t i o n  i s  a lso p red ic t ab le   and   t ends   t o   i nc rease  
t u r b i n e  i n l e t  t e m p e r a t u r e  w i t h  i n c r e a s e d  power l e v e l .  Based  on the  above 
con t ro l  e l emen t  spec i f i ca t ions  and s e n s i t i v i t i e s ,  t h e  e x p e c t e d  t u r b i n e  i n l e t  
t empera tu re  va r i a t ion  from i d l e  t o  m a x i m u m  power i s  57O. 
E .  TRANSIENT PERFORMANCE 
After comple thg  the  s t eady  s t a t e  pe r fo rmance  eva lua t ion  o f  t he  APU, t r a n s i e n t  
performance was s tud ied  ove r  t he  f l i gh t  ope ra t iona l  en - lope  fo r  bo th  the  pu l se  
and pressure  modulated  systems, A t o t a l  o f  37 d i f f e r e n t  r u n s  w e r e  made inc lud ing  
s ta r t  and shut  down t r a n s i e n t s ,  l o a d  t r a n s i e n t s  a n d  p r o p e l l a n t  s u p p l y  v a r i a t i o n s  
unde r  va r ious  ambien t  cond i t ions  fo r  bo th  a p u l s e  and pressure modulated system. 
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A s t a r t  up t r a n s i e n t   o f   t h e   p u l s e   s y s t e m  i s  d e p i c t e d   i n   F i g .  38 . P r i o r   t o  
s t a r t  up, a l l  walls o f  t he  APU were i n i t i a l i z e d  a t  520° ambient as were t h e  
hydrogen   and   oxygen   propel lan ts ,   and   the   hydraul ic   and   lube   o i l   sys tems.  The 
p rope l l an t  cond i t ion ing  sys t em was p r e s s u r i z e d  u p  t o  t h e  s h u t  o f f  valve. The 
s t a r t  up  was conducted a t  sea level w i t h  n o m i n a l  i n l e t  c o n d i t i o n s  t o  t h e  APU, 
i . e . ,  the  hydrogen  pressure  o f  500 p s i  and temperature of 7 5  R ,  and  oxygen 
p r e s s u r e  of  500 p s i  and  temperature of 300 R. The s tar t  up was i n i t i a t e d  by 
ac t iva t ing   the   normal   speed   cont ro l   sys tem.  The power c o n t r o l  valve opened 
and s tayed open for  1.3 seconds unt i l  speed reached the upper  band l i m i t .  
The power control  valve then pulsed open and closed holding speed within the 
pre-set   speed  band.  During  the TPU a c c e l e r a t i o n  m i x t u r e  r a t i o  was somewhat 
low  due p r i m a r i l y  t o  a d e v i a t i o n  i n  p r e s s u r e  e q u a l i z a t i o n  by t h e  DP r e g u l a t o r .  
The mix tu re  r a t in  however ,  a t t a ined  a des ign  va lue  when the speed reached 
60,000 rpm. Twrbi.ne i n l e t   t e m p e r a t u r e  was low, a t  1930 R,  immediately  follow- 
i n g  t h e  s t a r t  up wi th   the   except ion  of  one  combustor  pulse a t  2030 R. Turbine 
i n l e t  t e m p e r a t u r e  d i d  n o t  a t t a i n  t h e  d e s i g n  v a l u e  of  2060 R u n t i l  110 seconds 
a f t e r  i n i t i a t i o n  of the s t a r t  t r a n s i e n t .   T h i s  was due t o  a low i n j e c t o r  i n l e t  
temperature f o r  t h a t  t i m e  per iod .  
With the propclLant  condi t ioning system walls a n d  p r o p e l l a n t  i n i t i a l i z e d  a t  
an ambient temperature of 520 R t he  r egene ra to r  bypass  valve remained closed 
fol lowing tlle s t a r t  up i n  a n  a t t e m p t  t o  raise t h e  i n j e c t o r  i n l e t  t e m p e r a t u r e  
to   t he   con t . ro l l ed   va lue  of 650 R. This   temperature  was n o t  r e a c h e d  u n t i l  
1 1 0  s e c o n d s  a f t e r  i n i t i a t i o n  o f  t h e  s t a r t  t r a n s i e n t  a t  which  poin t  the  regener -  
a tor   bypass   va lve   opened   to   main ta in   cont ro l .  The l u b e   o i l   t e m p e r a t u r e ,  
s t a r t i n g  a t  520 K, a t t a i n e d  i t s  s t e a d y  s ta te  v a l u e  bf 712O,   774 seconds 
a f t e r  i n i t i a t i o n  of  t he  start  t r a n s i e n t .  A t  t h a t  same time t h e  h y d r a u l i c  o i l  
temperature  reached i t s  s t e a d y  s t a t e  va lue  of 640°. The h y d r a u l i c   c o o l e r  
bypass  va lve ,  which  had  been  fu l ly  open  dur ing  the  s t a r t  t r a n s i e n t ,  s t a r t e d  
c los ing ,  and  d i rec t ing  hydrogen  through the  hydraul ic  cooler  a f te r  264 seconds,  
a t  which time the   case   d ra in   t empera ture   reached  600°. Thus, a s a t i s f a c t o r y  
APU s t a r t  up was demons t r a t ed  in  1.3 seconds. It was a l so  demons t r a t ed  tha t  
f u l l  power can  be  deli.vered i n  less than 2 seconds  fo l lo fv ing  in i t i a t ion  o f  a 
s t a r t  up.  
The e f f e c t  of  var ious  APU boundary conditions on t h e  s t a r t  up t r a n s i e n t  i s  
shown i n  Fig.  39 . 
A h i g h  a l t i t u d e  s t a r t  was s imulated  with  an  ambient   pressure  of  0.5 psia .   There 
was v i r t u a l l y  no c f f e c t  on t h e  s t a r t  t r a n s i e n t .  
A low ambient temperature s t a r t  was s imula t ed  where in  the  p rope l l an t  cond i t ion ing  
sys tem  wal . l s ,   p rope l lan ts   and   o i l  was i n i t i a l i z e d  a t  - 6 5  F. Following 
i n i t i a t i o n  o f  t h e  s t a r t  t r a n s i e n t  t u r b i n e  i n l e t  t e m p e r a t u r e  w a s  low  (1850 R) 
and reached i t s  des ign  va lue  190 seconds l a t e r  than a s tandard  ambient  s ta r t .  
The h y d r a u l i c  c a s e  d r a i n o i l  came up to   t he   con t ro l   t empera tu re  of  600 R 
approsimately 7 3 5  seconds  la te r  than  a s tandard  ambient   temperature  s t a r t .  
There were no o t h e r  s i g n i f i c a n t  e f f e c t s  on the  APU. 
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I A s t a r t  t r a n s i e n t  was conducted  under a high oxygen supply pressure condi t ion 
of 1,000 p s i  t o  d e t e r m i n e  i f  t h i s  would r e s u l t  i n  a tu rb ine  in l e t  t empera tu re  
spike  during  the s ta r t  t r a n s i e n t .  The m a x i m u m  tu rb ine  in l e t  t empera tu re  w a s  
60 R above the design value for  one  combustor pu lse  dur ing  the  s ta r t  t r a n s i e n t .  
There were no o t h e r  s i g n i f i c a n t  e f f e c t s  on the APU system. 
U t i l i z i n g  a pressure modulated control,  a s ta r t  t r a n s i e n t  was conducted on 
the APU a t  sea leve l  wi th  nominal  in le t  condi t ions .  The r e s u l t s  o f  t h i s  a n a l o g  
a r e  shown i n  F i g .  40 . A l l  the  walls were i n i t i a l i z e d  a t  520 R and  propel- 
l a n t  w a s  p ressur ized  up to  the  shutof f  va lve .  The s t a r t  t r a n s i e n t  was con- 
ducted by ove r r id ing  the  normal  speed control  c i rcui t ,  and ramping the power 
con t ro l  va lve  open in  approximate ly  1 second. When a speed  of 50,000 rpm 
w a s  a t t a ined ,   t he  normal  speed  control  loop w a s  reactivated.   Design  speed 
w a s  a t t a i n e d  a t  1.3 seconds as i n  t h e  case of  the pulse  control  system, with no 
speed  overshoot .   Mixture   ra t io  w a s  low dur ing   the  TPU acce lera t ion .   This  
was due t o  t h e  f a c t  t h a t  a wide  open t h r o t t l e  v a l v e ,  as s imulated with the 
model, w a s  unchoked r e s u l t i n g  i n  a reduced  mixture  ra t io  due t o  a l ean  
combustor / in jec tor   se t t ing .  A t  60,000 rpm, however ,   wi th   the  throt t le   valve 
modulated down, m i x t u r e  r a t i o  w a s  on design.  There was no over  temperature 
spike  during  the s ta r t  t r a n s i e n t .  For  the  pressure  modulated  system,  propel- 
l a n t  and oi l  temperatures  throughout  the APU a t t a i n e d  t h e i r  s t e a d y  s t a t e  v a l u e  
more quickly  than  in   the  case  of   the   pulse   system. The regenerator   bypass  
va lve  s ta r ted  opening  32 s e c o n d s  a f t e r  i n i t i a t i o n  o f  t h e  s t a r t , a s  t h e  i n j e c t o r  
in le t   t empera ture   reached  650 R. A t  t h i s   p o i n t   t u r b i n e   i n l e t   t e m p e r a t u r e s ,  
which w a s  i n i t i a l l y  low a t  1950 R ,  increased   to   the   des ign   va lue .  The 
temperature  equal izer  held oxygen temperature within 24" of hydrogen temperature 
dur ing  the  s t a r t .  The m a x i m u m  lube  o i l  t empera ture  reached  i t s  s t e a d y  s t a t e  
value of  704 R i n  6 0  seconds. The hydraul ic  case drain temperature  reached 
600° i n  264 seconds a t  which point  the bypass  valve s tar ted closing.  A s  i n  
the case of the pulse system, a comple te ly  sa t i s fac tory  s t a r t  w a s  demonstrated; 
and f u l l  power can  be  de l ivered  in  less than 2 seconds. 
The a b i l i t y  o f  t h e  APU to  wi ths tand  severe  power demand spikes  f rom idle  i s  
i l l u s t r a t e d  i n  F i g .  41 . An extreme power sp ike   f rom  id le   to  max power w a s  
imposed on the pulse system with a 70 millisecond hydraulic system lag.  
Nominal in le t  condi t ions  ex is ted  wi th  an  ambient  pressure  of  10  p s i a .  Between 
i d l e  and maximum power the re  i s  a s h i f t  i n  t h e  s t e a d y  s ta te  speed band which,as 
prev ious ly  d iscussed  resu l t s  f rom the  var iab le  acce lera t ion  and  decce lera t ion  
r a t e s  of  the TPU. The o v e r a l l s p e e d  c o n t r o l  r a n g e  however, i s  -2.7 percent  
and +3,5 percent .  
Following the power r e d u c t i o n  a f t e r  t h e  s p i k e ,  a 90° e x c u r s i o n  i n  t u r b i n e  
in l e t  t empera tu re  ex i s t ed  du r ing  one combustor pulse or approximately 
65 mil l i seconds .  In  genera l  there  w a s  a downward s h i f t  i n  s t e a d y  s ta te  tu rb ine  
in l e t  t empera tu re  of 40° from i d l e  t o  max power,  due to  the  d roop  in  the  
AP regulator.  During these power sp ikes  oxygen  and  hydrogen TPU i n l e t  p r e s s u r e  
w a s  equal ized by the A P  r e g u l a t o r  and p rope r  s i z ing  o f  t he  a t t enua to r  t anks .  
Oxygen and  hydrogen  temperature w a s  equa l i zed  wi th in . a  44' band. It  may be 
concluded that the APU can accommodate the most severe power sp ikes  wi th  
no de t r imen ta l  e f f ec t s .  
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Power demand v a r i a t i o n s  were simulated on a pressure modulated system and the 
r e s u l t s   o f   t h e s e   t r a n s i e n t s   a r e   d e s c i b e d   i n   F i g .  42 . As i n   t he   ca se   o f   t he  
pulse system, power sp ikes  were imposed  on the APU from i d l e  t o  max power w i t F  
nominal   propel lant   inlet   condi t ions  and a 10 p s i a  ambient  pressure.  A s  a 
r e su l t  o f  t h i s  l oad  t r ans i en t  t he  speed  dev ia t ion  was a maximum of 3,000 rpm. 
The maximum tu rb ine  in l e t  t empera tu re  excus t ion ,  which occurred during the 
s t e p  down i n  power, w a s  +lo0 R above  the  design  value.   This  temperature 
excursion  las ted  for   approximately 100 milliceconds.  There was no dev ia t ion  
i n  hydrogen o r  oxygen i n j e c t o r  i n l e t  t e m p e r a t u r e s  d u e i n g  t h i s  t r a n s i e n t .  
Two second power ramps were also executed between max and i d l e  power, i n  t h e  
pressure  modulated  system. A maximum turb ine  in le t  t empera ture  excurs ion  of  
50' above  the  design  value  occurred  during  the ramp down i n  power. A maximum 
dev ia t ion  o f  32O r e s u l t e d  i n  t h e  oxygen i n j e c t o r  i n l e t  t e m p e r a t u r e  from the 
nominal  value  of 650 R. It may be concluded that a l l  system  parameters  were 
sa t i s f ac to r i ly  con t ro l l ed  unde r  the  most severe  load  t rans ien ts  on  the  pressure  
modulated  sys  ten. 
The APU system was  then subjected to  a simulated ACS oxygen tank pump up 
t r a n s i e n t   t o   e v a l u a t e   t h e   e f f e c t s  on tu rb ine   i n l e t   t empera tu re   con t ro l .  The 
r e s u l t s  of  t h i s   s i m u l a t i o n  are shown i n  F i g ,  43 f o r  a pulse  system, The 
hydrogen  inlet   conditions  were  nominal a t  500 p s i  and 75 R. The t r a n s i e n t  w a s  
conducted a t  i d l e  power and an ambient pressure of  10 p s i a .  The oxygen ACS 
tank was assumed t o  i n c r e a s e  i n  p r e s s u r e  from 500 t o  1000 p s i  and from 400 R t o  
300 R i n  2 seconds  (an  extreme  inlet   condi t ion  t ransient) .   There was v i r t u a l l y  
no d e v i a t i o n  i n  m i x t u r e  r a t i o  from the design value of .834 dur ing  the  t r ans i en t .  
There w a s  no deviat ion in  the hydrogen inject ion inlet  temperature  f rom the 
nominal control value of 650 R only a 3' v a r i a t i o n  i n  oxygen ex i t  temperature 
from the  equal izer .  It may be  concluded  that   the APU was comple te ly  insens i t ive  
t o  t h i s  s e v e r e  i n l e t  c o n d i t i o n  t r a n s i e n t .  
A simulated shut  down t r ans i en t  fo r  t he  pu l se  sys t em i s  shown i n  Fig. 44 
Nominal i n l e t  c o n d i t i o n s  were  imposed  on the  APU and the  t rans ien t  was conducted 
a t  s ea  l eve l  from a n  i d l e  power condi t ion.  The s h u t  down t r a n s i e n t  was 
i n i t i a t e d  by deac t iv i za t ion  of  the speed control  which r e s u l t s  i n  c l o s u r e  o f  
the power con t ro l  va lve .  Speed  decayed  from  the  design  value  to  zero  in 5.8 
seconds.   Following  closure  of  the power control  valve,   both  the  hydrogen and 
A P  regula tor  prevented  over  pressur iza t ion  of the  a t tenuator  tanks  by a 
rap id   c losure .  No a u x i l i a r y  c o n t r o l s  were  required  to  conduct  this  shut down, 
and a l l  system  parameters were s a t i s f a c t o r i l y  c o n t r o l l e d .  A shu t  down 
t r a n s i e n t  was a l s o  performed a t  h i g h  a l t i t i d e  and r e s u l t e d  i n  a one second 
longer speed decay. 
The analo model s i m u l a t i o n  u t i l i z e d  a TPU p o l a r  moment o f  i n e r t i a  o f  .0079 
l b - f t - s ec5  in  bo th  the  pu l se  and pressure  modulated  systems.  Subsequent  to 
the  dynamic a n a l y s i s ,  a d e t a i l e d  e v a l u a t i o n  o f  t h e  d e s i g n  i n d i c a t e d  a n  i n e r t i a  
of .01142 lb - f t - sec2 .   Th i s   i nc reased   i ne r t i a  w i l l  d i r e c t l y  a f f e c t  t h e  
combustor and valve on-off times for  the  pulse  sys tem as we l l  as t o t a l  number 
of  mission  cycles,   maintaining  the same speed  band.  For  the  pressure  modulated 
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sys tem,  the  increased  iner t ia  w i l l  r educe  the  speed  excurs ion  resu l t ing  from 
load demand v a r i a t i o n s .  These e f f e c t s  are q u a n t i t a t i v e l y  shown in   F ig .  45. 
A des ign  modi f ica t ion  to  the  APU was considered during the Phase I1 study which 
involved a r e loca t ion  o f  t he  r egene ra to r  downstream of the hydraulic and lube 
o i l   c o o l e r  as shown i n   F i g .  4 6 .  The i n c e n t i v e s   f o r   t h i s   m o d i f i c a t i o n  were 
as   fol lows:  
A s l ight   system  weight   advantage  resul ts   f rom  an improved SPC. Subs tan t i a l ly  
h ighe r  r egene ra to r  ex i t  t empera tu res  and hence TPU in l e t  t empera tu res  are 
poss ib l e  s ince  no cool ing  occurs  downstream of  the  regenera tor .  A 1000 R 
TPU inlet  temperature  produces 7.0 pe rcen t  r educ t ion  in  SPC a s  compared with 
a 650 TPU i n l e t  t e m p e r a t u r e ;  t h i s  g a i n  i s  somewhat o f f s e t  however,  by  the 
inc reased  r egene ra to r  s i ze .  
This design would reduce the thermal stress and thermal  shock effects  in  the 
regenera tor  due to  increased hydrogen inlet  temperatures .  
F ina l ly  the  ope ra t iona l  cha rac t e r i s t i c s  cou ld  po ten t i a l ly  be  improved by c l o s e r  
proximity of the regenerator and bypass valve to the TPU thereby improving the 
control  response of  the valve to  TPU in le t  t empera ture .  
The design modif icat ion was mechanized on the analog model and both s teady 
s t a t e  and t ransient   performance  evaluated.   In  summary, whi le   cont ro l   o f  TPU 
hydrogen in l e t  t empera tu re  w a s  improved  from a response  s tandpoin t ,  the  overa l l  
APU control   system became  more complex. In a d d i t i o n ,  i f  h i g h e r  (1000 R) 
i n j ec to r  i n l e t  t empera tu res  were  u t i l i zed ,  p recau t ion  had  to  be  t aken  aga ins t  
exhaust gas condensation due to increased regenerator head flux a t  high power 
l e v e l s .   F i g u r e 4 7   d e s c r i b e s   t e a d y   s t a t e   o p e r a t i n g   c h a r a c t e r i s t i c s  between 
i d l e  and maximum power l e v e l .  A t  i d l e  power (depressur ized  hydraul ic  pumps) 
t h e  i n l e t  hydrogen  temperature  to  the  regenerator i s  395 R. The bypass  valve 
( a t  18 percent open) controls hydrogen TPU in l e t  t empera tu re  to  1000 R. 
The r egene ra to r  hea t  f l ux  a t  t h i s  power l eve l  r e su l t s  i n  an  exhaus t  gas  
temperature  leaving the regenerator  of  832,  wel l  above the condensat ion l i m i t .  
Turb ine  in le t  t empera ture  i s  con t ro l l ed  a t  2060 R with a low m i x t u r e  r a t i o  
of.647, a n d ,  r e s u l t i n g  i n  a 7 pe rcen t  r educ t ion  in  SPC as compared with the 
b a s e l i n e  APU. A t  maximum power level ,  the  hydrogen TPU i n l e t  t empera tu re  
must be reduced from the 1000 R con t ro l  po in t  i n  o rde r  t o  p reven t  f r eez ing  o f  
the exhaust  gas  within the regenerator .  Th-is would r e s u l t  from  the  high  heat 
f l u x  and reduced hydrogen in l e t  t empera tu re  to  the  r egene ra to r  o f  170 R. 
Therefore a l i m i t  con t ro l  i s  requi red  to  reduce  the  TPU i n l e t  t e m p e r a t u r e  t o  
653 R which then permits  a safe  regenerator  exhaust  gas  temperature  of  738 R. 
Along wi th  th i s  l i m i t  control,  however,  a cont inuous mixture  ra t io  adjustment  
i s  a l so  necessary  s ince  the  reduced  in jec tor  in le t  t empera ture  would r e s u l t  
in  approximately a 310 R r educ t ion  in  tu rb ine  in l e t  t empera tu re .  In add i t ion  
to  the  above cont ro ls  an  ac t ive  lube  o i l  bypass  cont ro l  should  be  incorpora ted  
since hydrogen temperatures in the cooler are low and v a r y  s u b s t a n t i a l l y  
over the operating range. 
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A power t r a n s i e n t  w a s  conduc ted  wi th  the  a l t e rna te  des ign  u t i l i z ing  a pressure  
modulated power con t ro l  and i s  demonstrated  in   Fig.  48 . Nominal i n l e t  
conditions were imposed  on  the APU a t  10 ps ia  ambient  pressure .  The gear  box 
load was ramped between i d l e  and maximum power i n  1.8 seconds.  Since the 
dura t ion  of  maximum power w a s  only about 3 seconds,  the above described 
l i m i t  con t ro l s  were no t  r equ i r ed  to  e i the r  r educe  TPU in l e t  t empera tu re  o r  
r e a d j u s t  m i x t u r e  r a t i o .  The maximum turb ine  in le t  t empera ture  excurs ion  dur ing  
t h e  l o a d  t r a n s i e n t  w a s  100 R above  design. The three second durat ion maximum 
power operat ion caused a temporary dip in  TPU in l e t  t empera tu re  t o  920 R,  
however the equal izer  maintained oxygen temperature  within 50 R of hydrogen 
temperature.  The AP r egu la to r  equa l i zed  oxygen  and  hydrogen  pressures  as i n  
the  base l ine  APU system, and i t  may be concluded that a l l  parameters were 
sa t i s f ac to r i ly  con t ro l l ed  du r ing  the  s imula t ed  power t r a n s i e n t .  
It  i s  conc luded  tha t  t he  a l t e rna te  APU des ign  does  no t  o f f e r  su f f i c i en t  
advantage   (e i ther   opera t iona l   o r   in   sys tem  weight )   over   the   base l ine  APU. In  
l i gh t  o f  t he  added complexity,  the baseline APU i s  considered superior .  
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F i g u r e  48. SS/APU A l t e r n a t e  Design - Power Demand V a r i a t i o n s  
(1 .8  Sec .  Ramp: Idle-Max.  Power) 
A d e t a i l e d  r e l i a b i l i t y  and ma in ta inab i l i t y  s tudy  was conducted on the baseline 
APU system. This study consisted of a f a i l u r e  mode and e f f e c t s  a n a l y s i s ,  a 
r e l i a b i l i t y  estimate, and a m a i n t a i n a b i l i t y  a n a l y s i s .  The F a i l u r e  Modes 
amd Effec ts  Analys is  (FMEA) performed on the APU r e s u l t e d  i n  t h e  i d e n t i f i c a t i o n  
of  over 100 s e p a r a t e  f a i l u r e  modes.  Each o f  t h e s e  f a i l u r e  modes was considered 
w i t h  r e s p e c t  t o  i t s  r e l a t ive  p robab i l i t y  o f  occur rence  as well as i t s  poss ib l e  
e f f e c t  on  the  vehicle   mission.  The f a i l u r e  e f f e c t s  c a t e g o r i e s  r a n g e d  from 
those  f a i lu re  modes which  involve  poss ib le  s t ruc tura l  damage t o  t h e  v e h i c l e  t o  
those which have no e f f e c t  on v e h i c l e  o r  APU performance but do r e q u i r e  a 
repair  act ion between missions.  
The. procedure  mployed i n  t h e  FMEA study i s  i l l u s t r a t e d  i n  Fig.  49 Having 
i d e n t i f i e d  a f a i l u r e  mode and i t s  relative p robab i l i t y ,  t he  e f f ec t  on  sys t em 
performance was evaluated.  A f a u l t  d e t e c t i o n  s e n s o r  was  a l s o  i d e n t i f i e d  f o r  
in  f l igh t  record ing .  This  de tec t ion  led  e i ther  to  ground main tenance  or  some 
form of fault compensation. 
The f a u l t  compensation  techniques f e l l   i n t o   t h r e e   c a t e g o r i e s :  (1) component 
redesign wherein design modif icat ions were i n c o r p o r a t e d  t o  e i t h e r  r e d u c e  t h e  
p r o b a b i l i t y  of a f a i l u r e  o r  r e d u c e  t h e  s e v e r i t y  o f  t h e  f a i l u r e ;  (2)  Redundancy 
compensat ion incorporated to  reduce the fai lure  probabi l i ty;  and ( 3 )  con t ro l  
compensation wherein controls were conceptua l ly  des igned  to  permi t  cont inued  
o p e r a t i o n  u n d e r  c e r t a i n  f a i l u r e  modes a n d / o r  t o  e f f e c t  a s a f e  s h u t  down. The 
analog model w a s  u t i l i z e d  p r i m a r i l y  f o r  e v a l u a t i n g  f a i l u r e  e f f e c t s  and f o r  
evaluat ion of  control  compensat ion techniques.  
A. DESIGN COMPENSATION TECHNIQUES 
Figure 50 descr ibes  some o f  t h e  f a i l u r e  modes which r e s u l t e d  i n  d e s i g n  
compensation. 
(1) Hydrogen pressure regulator  - f a i l s  i n  open  pos i t ion  due t o r u p t u r e  of the  
r e g u l a t o r  d iaphragm.  This  could  under  cer ta in  in le t  condi t ions  resu l t  in  low 
t u rb ine  in l e t  t empera tu res  and loss of  power (when the oxygen APU supply pressure 
i s  less than  the  hydrogen  supply).  The design  compensation  incorporates  an 
Inconel  meta l l ic  d iaphragm to  s ign i f icant ly  reduce  the  probabi l i ty  of  fa i lure .  
Shou ld  the  f a i lu re  occur  in  sp i t e  o f  t he  des ign  compensa t ion ,  f au l t  de t ec t ion  
would be provided by a pressure t ransducer  located downstream of  the regulator  
and r e s u l t  i n  i n i t i a t i o n  o f  a s a f e  s h u t  down. 
(2)  H y d r a u l i c   o r   l u b e   o i l   c o o l e r - i n t e r n a l   l e a k a g e .   T h i s   f a i l u r e   c o u l d   r e s u l t  
in  contaminat ion  of  the  oil systems. The design  compensation  consists  of a 
buffered zone incorporated in  both the hydraul ic  and l u b e  o i l  c o o l e r s  which 
provides  two unwelded walls between  the o i l  and  hydrogen.  In  the  event  of 
a f a i l u r e  o f  one of the walls, de t ec t ion  would be provided by a pressure  
t ransducer .  A veh ic l e  dec i s ion  would then be made to  cont inue  APU opera t ion  o r  
e f f e c t  a s a f e  s h u t  down procedure. 
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( 3 )  Propel lan t   empera ture   equal izers  - in te rna l   eakage .   This   fa i lure  would 
r e s u l t  i n  a propellant mixing hazard.  The design compensation consists of a 
buf fered  zone designed to  provide two unwelded walls between the hydrogen and 
oxygen.  Should a f a i l u r e  o f  one of   the walls occur ,  de tec t ion  could  be  
provided by a pressure transducer which would r e s u l t  i n  e i t h e r  c o n t i n u e d  APU 
o p e r a t i o n  o r  a s a f e  s h u t  down depending upon vheic le  cons idera t ions .  
( 4 )  Power con t ro l   va lve  - s t r u c t u r a l   f a i l u r e .   T h i s   c o u l d   r e s u l t   i n  loss of 
APU power o r  an over temperature condition depending on the nature of the 
f a i l u r e .  Design  compensation  consists of the  use of a b a l l   v a l v e .   S t o p s   f o r  
t he  va lve  a re  inco rpora t ed  in  the  ac tua to r  t he reby  r educ ing  the  p robab i l i t y  
o f  s t r u c t u r a l  f a i l u r e  as a r e s u l t  o f  a l a r g e  number of cycles  involving seat 
impact.  Should a fa i lure  occur  however ,  p ro tec t ion  would  be  provided by 
an emergency ovsr  temperature  switch or  an under  speed detect ion which would 
i n i t i a t e  a s a f e  s h u t  down of  the APU. 
(5) Turb ine  burs t  represents  a p o t e n t i a l  s t r u c t u r a l  damage to  the  APU and 
surrounding components. Ultimate design  compensation  consists of b u r s t  
containment   for   the  turbine.  A seismic t ransducer  i s  employed t o  a n t i c i p a t e  
t h i s  f a i l u r e  mode through a de tec t ion  o f  severe v i b r a t i o n s  which would 
immedia t e ly  in i t i a t e  a s a f e  s h u t  down. 
B. REDUNDANCY COMPENSATION TECHNIQUES 
Redundancy w a s  i nco rpora t ed  in  the  APU design as a r e s u l t  o f  c e r t a i n  f a i l u r e  
modes and i s  i l l u s t r a t e d  i n  F i g .  51. 
(1) Fai lure   o f   the   tu rb ine   in le t   t empera ture  l i m i t  con t ro l  due t o  a sensor  
o r  c i r c u i t  m a l f u n c t i o n ,  c o u l d  r e s u l t  i n  r e d u c e d  s p e c i f i c  power consumption 
o r  loss of power f o r  t h e  APU due t o  a reduced  turb ine  in le t  t empera ture .  
Redundant  compensation i s  incorporated by u t i l i z i n g  m u l t i p l e  s e n s o r s ,  
dua l  co i l s  fo r  t he  p re s su re  d iv ide r  s e rvo  and an averaging circui t  to  determine 
sensed   tu rb ine   in le t   t empera ture .   In   the   event   o f  a f a i l u r e  however,   detection 
would be provided by a low  emergency t u r b i n e  i n l e t  t e m p e r a t u r e  c i r c u i t  which 
would  be  used t o  f i r s t  d e a c t i v a t e  t h e  t u r b i n e  i n l e t  t e m p e r a t u r e  l i m i t  con t ro l ,  
and allow continued operation of the APU. Sustained under temperature would 
r e s u l t  i n  i n i t i a t i o n  o f  a s a f e  s h u t  down. 
( 2 )  Fa i lu re  of  the  speed  controls due t o  e i t h e r  s e n s o r  o r  c i r c u i t  m a l f u n c t i o n  
cou ld  r e su l t  i n  ove r speed  and s t r u c t u r a l  damage t o  t h e  APU. Redundant 
compensation i s  inco rpora t ed  in  the  form of redundant sensors and a vot ing  
c i rcu i t  for  speed  sens ing  and  dua l  co i l s  on the power control  valve.   Should 
an overspeed occur  in  s p i t e  of  the  redundant  des ign ,  fa i lure  de tec t ion  i s  
provided by an emergency over speed circuit  which would init iate a s a f e  
shu t  down to  the  APU. 
( 3 )  F a i l u r e  o f  t he  ign i t i on  sys t em cou ld  r e su l t  i n  unburned  p rope l l an t  i n  the  
combustor  and tu rb ine  in l e t  man i fo ld  and a poten t ia l  hazard  due t o  a u t o - i g n i t i o n  
o f  l a rge  quan t i t i e s  of  unburned  propellant.  Redundant  compensation i s  provided 
by the  use of dua l  i gn i t i on  c i r cu i t s .  In  add i t ion ,  con t inuous  ign i t i on  o f  bo th  
c i r c u i t s  i s  provided  to  s impl i fy  the  curcui t  log ic  and reduce  the  probabi l i ty  
of no i g n i t i o n  upon valve opening. 
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C.  CONTROL COMPENSATION TECHNIQUES 
Control compensation w a s  designed into the APU to  e i the r  r educe  the  e f f ec t s  o f  
v a r i o u s  f a i l u r e  modes, a l low cont inued  opera t ion ,  or  to  provide  safe  shutdown 
of  the APU. These are descr ibed   in   F ig .  52 . A t o t a l  o f  40 analog model runs 
were conducted during this  port ion of  the M A .  
(1) Drif t   of   the   hydrogen  pressure  regulator .   This  would t e n d   t o   r e s u l t   i n  
h igh   or  low turbine  inlet   temperature .   Control   compensat ion i s  au tomat i ca l ly  
provided by the  AP  regu la to r  which equalizes oxygen/hydrogen pressure.  
Detec t ion  of  the  fa i lure  would be sensed by a pressure signal downstream of the 
r e g u l a t o r  - APU opera t ion  could  cont inue ,  o r  a s a f e  s h u t  down i n i t i a t e d ,  
depending on vehicle  considerat ions.  
( 2 )  Dr i f t   h igh   of   the  P P r e g u l a t o r  c o u l d  r e s u l t  i n  h i g h  t u r b i n e  i n l e t  
temperatures .   Control   compensat ion  consis ts   of   the   turbine  inlet   emperature  
l i m i t  control   which would b i a s  t h e  r e g u l a t o r  t o  o f f s e t  i t s  d r i f t .  D e t e c t i o n  
o f  t he  f a i lu re  would be provided by an oxygen pressure signal which would e i t h e r  
i n i t i a t e  a s a f e  s h u t  down or  a l low for  cont inued  opera t ion  of  the  APU, 
(3 )  Loss  of  load by the  hydraul ic  pump c o u l d  r e s u l t  i n  s t r u c t u r a l  damage due 
to  overspeed.  Control  compensation i s  automatically  provided by the  normal 
speed   cont ro l   func t ion  which prevents  any  overspeed  condition.  Detection  of 
the failure could be provided by a low h y d r a u l i c  p r e s s u r e  s i g n a l  which  would 
i n i t i a t e  a s a f e  s h u t  down. 
( 4 )  Conta imina t ion   of   the   hydrogen   in jec tor   could   resu l t   in   h igh   tu rb ine   in le t  
temperatures.  Control  compensation i s  provided by the   t u rb ine   i n l e t   t empera tu re  
l i m i t  c o n t r o l ,  which  would b i a s  t h e  A P  r e g u l a t o r  t o  o f f s e t  the change i n .  
f l ow re s i s t ance .  Fa i lu re  de t ec t ion  would  be provided  by a high oxygen pressure 
s i g n a l  a t  t h e  e q u a l i z e r  e x i t ,  and allow continued APU o p e r a t i o n  o r  i n i t i a t e  
a s a f e  s h u t  down depending on the  veh ic l e  cons ide ra t ions .  
( 5 )  Excess ive  hea t  l oad  in  the  hydrau l i c  sys t em can  r e su l t  i n  h igh  lube  o i l  
temperatures  or a high  turbine  inlet   emperature.   Control  compensation i s  
provided by the  lube  o i l  t empera ture  l i m i t  c o n t r o l  which temporarily reduces 
the  hydrau l i c  coo l ing  in  o rde r  t o  p ro tec t  t he  lube  o i l  sys t em.  De tec t ion  o f  
t h e  f a i l u r e  would r e s u l t  from a lube  o i l  t empera ture  in  excess  of  730 R. 
Safe APU opera t ion  would cont inue for  several  minutes  depending upon the  exac t  
heat load and power l e v e l .  
Excess ive  hea t  l oad  in  the  lube  sys t em,  f a i lu re  of the regenerator  bypass  valve 
and fai lure  of  the hydrogen cooler  bypass  valve were dynamically evaluated 
i n  a similar manner. As i n  t he  p rev ious  cases, ope ra t ion  cou ld  e i the r  be  
cont inued for  a l i m i t e d  o r  i n d e f i n i t e  p e r i o d  due t o  i n c o r p o r a t i o n  o f  t h e  
compensat ion controls  or  a s a f e  s h u t  down could be init iated immediately,  de- 
pending on vehic le  cons idera t ions .  Appl ica t ion  of  the  ana log  model i n  
eva lua t ing  two o f  t h e  f a i l u r e  modes,  and the  e f fec t  o f  cont ro l  compensa t ion  is  
demonst ra ted   in  the next  two f i g u r e s .   F i g .   5 3 i l l u s t r a t e s   t h e   e f f e c t  
of  a 15 percent  reduct ion  in  hydrogen  in jec tor  a rea  as a r e s u l t  o f  
contamination. This f a i l u r e  was  evaluated a t  i d l e  power,  and 10 psia   ambient  
pressure  and  nominal   inlet   condi t ions.   Immediately  fol lowing  contaminat ion 
o f  t he  in j ec to r ,  t u rb ine  in l e t  t empera tu re  inc reased  235' above the design point.  
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The tu rb ine  in l e t  t empera tu re  senso r  wi th  a .5 second lag became e f f e c t i v e  a f t e r  
3 pulses  and  generated a 12  p s i  c o r r e c t i o n ,  o r  b i a s  to  the AP regu la to r .  As 
a r e s u l t  of t h i s  l i m i t  c o n t r o l  a c t i o n ,  t u r b i n e  i n l e t  t e m p e r a t u r e  was co r rec t ed  
down t o  75' above  design.  This  demonstrates  the  effectiveness of the limit 
c o n t r o l  u t i l i z i n g  a rugged long l i f e  s e n s o r  t o  p r o v i d e  a "fai l -opt l  condi t ion.  
Fig. 54 descr ibes  a s imula t ed  excess ive  hea t  l oad  in  the  hydrau l i c  sys t em 
r e s u l t i n g  i n  a h igh  case drain temperature .  As shown i n  r u n  #408 the  hydrau l i c  
cooler  bypass  valve closes  as the  case drain temperature  exceeds 650 R. Due 
to  an  inc rease  in  hea t  f l ux  in to  the  hydrogen  the  lube  o i l  t empera tu re  exceeds  
7500 a f t e r  70 secs ,  and the  hydrogen  in jec tor  in le t  t empera ture  increases  80° 
above the control value of 650 R. I n  s p i t e  o f  m a x i m u m  hydraul ic  cool ing ,  the  
case drain temperature  rises t o  712O i n  8 minutes. Run 409 a t  the bottom of the 
cha r t  dep ic t s  t he  same f a i l u r e  u t i l i z i n g  c o n t r o l  c o m p e n s a t i o n  i n  t h e  form of 
a lube  o i l  t empera tu re  l i m i t  cont ro l .  By ove r r id ing  the  bas i c  hydrau l i c  
cooler  bypass  control  and the reby  caus ing  coo le r  f l u id  to  en te r  t he  lube  o i l ,  
l ube  o i l  t empera tu res  were he ld  to  a m a x i m u m  of 736O.  The hydrogen injector  
i n l e t  t empera tu re  was  h e l d  t o  a m a x i m u m  of 664O. The b i a s  on the  hydraul ic  
cooler  bypass  va lve  resu l ted  in  the  va lve  opening  to  24 percent .  It i s  
i n t e r e s t i n g  t o  n o t e ,  however, tha t  the  hydraul ic  case  dra in  tempera ture  
inc reased  to  a maximum of 729' i n  8 minutes ,  o r  on ly  1 7  degrees  higher  than 
the previous case i n  which m a x i m u m  hydraul ic  cool ing  ex is ted .  Dur ing  tha t  8 
minu tes ,  t he  lube  o i l  and  hydrogen i n j e c t o r  i n l e t  t e m p e r a t u r e s  were he ld  
w i t h i n  c l o s e  p r o x i m i t y  t o  t h e i r  normal cont ro l led  va lue .  It  i s  concluded  that  
a ' I fa i l  opt t  s i tuat ion can be provided by the control compensation network 
under a severe excess ive  hea t  l oad  fo r  several minutes. The APU i s  automat ica l ly  
re turned to  normal  operat ion should the excessive heat  load be el iminated.  
D. CRITICAL FAILURE  MODES 
The most c r i t i c a l  f a i l u r e  modes of those s tudied during the FMEA were i d e n t i f i e d  
i n  terms of :  (1) the i r  poss ib l e  e f f ec t s  on  the  mis s ion  and  on v e h i c l e  s a f e t y ;  
(2)  t he  p robab i l i t y  o f  occur rence  o f  t he  pa r t i cu la r  f a i lu re  mode. 
With r e s p e c t  t o  t h e  f i r s t  c a t e g o r y ,  t h e  two most c r i c i c a l  f a i l u r e  modes which 
were i d e n t i f i e d  are f a i l u r e  t o  i g n i t e  i n  t h e  combustion  chamber r e s u l t i n g  i n  
exp los ion  haza rd  and  tu rb ine  speed  con t ro l  f a i lu re  r e su l t i ng  in  tu rb ine  ove r speed .  
In  each of  these cases ,  specif ic  compensat ing act ion w a s  t aken  in  the  des ign  o f  
t he  APU, such  tha t  the  probabi l i ty  of  occur rence  of  vehic le  damage i s  substan- 
t i a l l y  reduced. 
Those f a i l u r e  modes which have t h e  h i g h e s t  p r o b a b i l i t i e s  o f  f a i lu re  are t h e  hy- 
drogen and oxygen pressure regulators,  the heat exchanger bypass valves,  and the  
propel lan t  cont ro l  valves. Compensation ac t ions  i n  the event  of occurrence of  one 
o f  t h e s e  f a i l u r e  modes, as p rev ious ly  d i scussed ,  p rov ides  fo r  e i the r  a " f a i l  optf 
c o n d i t i o n  o r  i n i t i a t i o n  of a safe shutdown. 
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VI1 TURBOPOWER UNIT 
A .  SPECIFICATIONS 
To place the  turbopower  uni t  in  i t s  proper frame of references i t  i s  appropr i a t e  
to  review the APU s p e c i f i c a t i o n s  as app l i ed  to  the  TPU. The major  spec i f ica-  
t i o n s  are summarized i n  F i g .  55 . The output   loads  are assumed to  be  one 
Westinghouse 40 /50  KVA a l t e r n a t o r  and two ABEX Ap27v hydrau l i c  pumps. The 
a l t e r n a t o r  o p e r a t e s  a t  12,000 rpm and i s  o i l  spray  cooled .  This  cool ing  sys tem 
i s  in t eg ra t ed  wi th  the  TPU lubricat ion  system. The hydraul ic  pumps produce 
103 gpm a t  3,000 p s i  whi le  opera t ing  a t  6,000 rpm. 
The turbopower u n i t  i s  required to produce a peak output  shaf t  power to  the  
loads of 400 horsepower under a l l  cond i t ions  o f  a l t i t ude  from sea l e v e l  t o  
space.  Similar ly ,  i t  i s  requi red  to  be  capable  of  opera t ing  a t  a minimu 
power level o f  33 horsepower  under  the same condi t ions .   Fur ther ,   the  TPU 
must be designed to  opera te  under  these  condi t ions  for  1,000 hours  a t  the design 
temperature conditions and an addi t ional  2,000 hours under ground checkout 
condi t ions.  
More s p e c i f i c a l l y ,  t h e  t u r b i n e  i s  r equ i r ed  to  be  a two-stage pressure compounded 
machine  operating a t  a nominal  speed  of 60,000 rpm. The tu rb ine  i s  to  ope ra t e  
with the nominal  inlet  temperature  of  2060 R using uncooled Astroloy discs .  
The housing i s  t o  be designed to  contain a bu r s t  o f  t hese  d i sc s .  
The gear  box t ransmi ts  the  power from the turbine to  the loads a t  the design 
speeds. The bea r ings  in  the  gea r  box are t o  be designed for  a 3,000 B - 1  
l i f e .  The gear  box l u b r i c a n t  as w e l l  as a l t e r n a t o r  c o o l a n t  i s  to  be  MIL-L-7808. 
The system which circulates  this  lubricant  and coolants  must  be capable of  
ope ra t ing  a t  any APU a t t i t u d e  and for  ex tended  per iods  of  time under zero 
gravi ty  condi t ions .  
B. TPU  DESIGN  FEATURES 
The reference  turbopower  unit  meets a l l  the  requirements  of  Fig.  55 . It 
has   add i t iona l   f ea tu re s ,  some of  which a re   desc r ibed   i n   F ig .  56 . Basic  
turbine hardware i s  usable  over  a wide range of output power varying from 
approximately 200 t o  800 horsepower.  With  the  exception  of  the  gas  flow  path, 
t he  TPU i s  adaptab le  wi thout  modi f ica t ion  to  e i ther  a pu l se  o r  p re s su re  
modulated power cont ro l .  
The tu rb ine  ope ra t e s  i n  the  r e fe rence  un i t  p r imar i ly  a t  the design point .  This  
i s  due to  the  use  of the pulsed control system which operates a t  a f i x e d  i n l e t  
p ressure .  While the   tu rb ine   exhaus t   p ressure   var ies  somewhat o v e r  t h e  a l t i t u d e  
r ange ,  t he  p re s su re  r a t io  ac ross  the  tu rb ine  does  no t  va ry  much.  The tu rb ine  
i s  a two-stage p a r t i a l  admission machine designed to have supersonic velocit ies 
r e l a t ive  to  the  ro to r  b l ades .  Mechan ica l ly  the  tu rb ine  i s  designed  with 
s u f f i c i e n t  f l e x i b i l i t y  i n  t h e  h o u s i n g  e l e m e n t s  t o  m i n i m i z e  t h e  p o s s i b l e  t h e r m a l  
d i s t o r t i o n  due to  the combinat ion of  high temperatures  and par t ia l  admission.  
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One o the r  ma jo r  f ea tu re  of the  tu rb ine  is i ts  i n s e n s i t i v i t y  t o  p o t e n t i a l  s p i k e s  i n  
i n l e t   t empera tu re .  Both blade and d i s k   c y c l i c   l i f e   a r e   l i m i t e d   i n   n o r m a l   o p e r a t i o n  
by the temperature  gradients  and cor responding  s t ra in  range  assoc ia ted  w i t h  a TPU 
s t a r t .  An abnormally  high  temperature  for several pulses ,  such as might  be  produced 
during large sys tem load  t rans ien ts ,  resu l t s  in  tempera ture  grad ien ts  and s t ra ins  
much lower  than  those  associated  with a s t a r t .  Thus,   the   short-durat ion  overtem- 
pe ra tu re   sp ikes  will not limit turb ine   l i fe .   (Cont inued   over tempera ture  would cause 
u l t i m a t e  t u r b i n e  f a i l u r e ,  b u t  t h i s  is  prevented by an overtemperature limit c o n t r o l . )  
The combustor a l s o  f u n c t i o n s  a t  a cons t an t  ope ra t ing  cond i t ion ,  t ha t  i s ,  fixed  flow 
and p res su re   l eve l .   S ince   mix tu re   r a t io s  are held  constant,   the  combustor  tempera- 
t u r e  i s  a l s o   c o n s t a n t .  The combustor i s  thus   capab le   o f   g iv ing   cons i s t en t ly   h igh  
performance over a wide range of TPU ope ra t ing  cond i t ions .  
The gear  box is  a conventional  long l i f e ,  low power l o s s  design.  One unique  aspect  
o f  t h e  gear box is the  inc lus ion  o f  a zero  gravi ty  lubr ica t ion  sys tem.  This  sys tem 
which is based on p roven  t echno logy  u t i l i ze s  pos i t i ve  c i r cu la t ion  o f  a c a r r i e r  g a s  
t o  c a r r y  t h e  o i l  mist through  the  system. I t  has   a lso  been  integrated  with  the 
spray  cooled  a l te rna tor .  
In F i g .  57 important  features  of  the mechanical  configurat ion of  the TPU a re  po in t ed  
o u t .  The a l t e r n a t o r  and hydrau l i c  pumps a r e  l o c a t e d  on t h e  same s ide  o f  t he  gea r  
box t o  g i v e  maximum ease o f  i n s t a l l a t i o n  and permit  easy f ie ld  replacement  o f  t hese  
devices .  
Power is t r ansmi t t ed  f rom the  tu rb ine  sha f t  i n to  the  gea r  box through a q u i l l  s h a f t .  
T h i s  q u i l l  s h a f t  t e n d s  t o  p r e v e n t  any rad ia l  forces  caused  by turb ine  ro tor  dynamics  
from be ing  t ransmi t ted  in to  the  p in ion  of  the  gear  box ,  thereby  minimiz ing  gear  
misalignment problems. 
The turbine housings have been designed t o  h a v e  s u f f i c i e n t  f l e x i b i l i t y  t o  a l l o w  them 
t o   w i t h s t a n d   r a d i a l ,   a x i a l ,  and c i rcumferent ia l   thermal   g rad ien ts .  A l l  o f   these  
g rad ien t s  will e x i s t  t o  some ex ten t  on a t r a n s i e n t  and s t eady- s t a t e  bas i s .  Th i s  
h o u s i n g  f l e x i b i l i t y  is a t t a i n e d  by u s i n g  t h i n  s e c t i o n s  i n  c y l i n d r i c a l  and con ica l  
s u r f a c e s .  
One o the r  f ea tu re  un ique  to  th i s  TPU i s  the  p lac ing  of  the  f irst  s t age  d i sc  inboa rd ,  
t h a t  i s ,  nex t   t o   t he   t u rb ine   bea r ing .   The re   a r e   s eve ra l   r ea sons   fo r   do ing   t h i s .  
First ,  i t  p laces  the  heavies t  d i sc  next  to  the  bear ing ,  thereby  minimiz ing  the  over -  
l~ung moment. Second, i t  p l aces   t he  maximum torque   next   to   the   bear ing .   (Normal ly  
in  par t ia l  admiss ion  machines  such  as t h i s ,  one o f  the major bearing loads is  t h a t  
due t o  t h e  t o r q u e  on a small f r a c t i o n  o f  t h e  t u r b i n e  a r c ) .  T h i r d ,  t h e  f irst  s t a g e  
runs somewhat cooler  than  i f  it were placed outboard, thus allowing a h i g h e r  t i p  
s p e e d  t o  b e  u t i l i z e d  f o r  t h e  same d isc  weight .  Higher  t ip  speed  of  course ,  means 
higher performance. 
This  conf igura t ion ,  wi th  f irst  s t age  d i sc  inboa rd ,  has fur ther  advantages  wi th  
r e spec t  t o  the  tu rb ine  hous ings .  P l ac ing  the  in l e t  nozz le s  on t h e  b e a r i n g  s i d e  o f  
t he  un i t  a l l ows  c lose r  con t ro l  o f  t he  nozz le  loca t ion .  S ince  the  first s t a g e  is t h e  
smal les t   nozz le   and   therefore  most s e n s i t i v e  t o  l o c a t i o n ,  t h i s  is d e s i r a b l e .  Having 
the  exhaus t  f l ow ou tboa rd  o f  t he  tu rb ines  a l lows  cons ide rab le  f l ex ib i l i t y  i n  the  
design  of   the  exhaust   passages.  An exhaus t   d i f fuse r  is  f eas ib l e .   A l so ,  it is much 
e a s i e r  t o  make the  f low turn  toward  the  regenera tor .  
95 
QUILL SHAFT TO ISOLATE 
PINION FROM TURBINE 
SHAFT FORCES 
I I 
L 
FIRST STAGE DISK INBOARD 
0 HEAVIER DISK NEXT  O BEARING 
0 MAX TORQUE DISK NEXT  O BEARING 
0 FIRST STAGE COOLER THAN IF 
OUTBOARD 
0 BETTER CONTROL  OF FIRST STAGE 
NOZZLE LOCATION 
0 EXHAUST FLCM PASSAGES - DIFFUSER 
FEASIBLE,  EASIER TURN  TCMARD 
REGENERATOR 
F i g u r e  5 7 .  Turbo P o w e r  Unit C o n f i g u r a t i o n  Features 
The layout   of   the   machine i s  shown i n   F i g .  58 . I n   a d d i t i o n   t o   t h o s e   f e a t u r e s  
d i scussed  above ,  o the r s  w i l l  b e  b r o u g h t  o u t  i n  t h e  n e x t  s e c t i o n s  as t h e  
componen t s  a re  d i scussed  in  more d e t a i l .  
C .  TURBINES 
C 1. Design  Procedure 
The p r o c e d u r e  u s e d  i n  d e s i g n  o f  t h e  t u r b i n e s  f o r  t h e  r e f e r e n c e  TPU i s  summarized 
i n   F i g .  59 . It shou ld   be   no ted   t ha t ,   wh i l e   t he   r e f e renced  TPU i s  a p u l s e  
modula ted  turb ine ,  the  des ign  procedure  i s  e q u a l l y  a p p l i c a b l e  t o  a p r e s s u r e  
modu la t ed  tu rb ine  wi th  supe r son ic  re la t ive v e l o c i t i e s .  
F igure  59 shows the   s t ep   by   s t ep   p rocedure   fo l lowed   i n   go ing   f rom  the   t u rb ine  
d e s i g n  c o n d i t i o n s  t o  d e s i g n  p o i n t  p e r f o r m a n c e ,  as w e l l  as t h o s e  i n v o l v e d  i n  t h e  
c a l c u l a t i o n  of of f -des ign   per formance   and   the   thermal   and  stress l i m i t a t i o n s  
on t h e   t u r b i n e s .   E a c h   b l o c k   i n   F i g .  59  r e p r e s e n t s  a p a r t i c u l a r   t y p e   o f  
c a l c u l a t i o n .   I n   m o s t  cases t h e  c a l c u l a t i o n  w a s  per formed  us ing  a computer 
program. The name o r  number of  the  computer  program  used i s  i n d i c a t e d  i n  t h e  
b lock   in   paren thes is .   For   example ,   the   nozz le   des ign   program i s  Rocketdyne 's  
program No. 9R313,  which  uses  the  method of  charac te r i s t ics  to  des ign  two- 
d imens iona l   nozz les .  The boundary   l ayer   p rogram  used   next ,  BLAYER, i s  t h a t   o f  
McNally. (1) The nozz le   loss   p rogram,  ZETAP, i s  based  on  the  compressible  
form of loss  equat ions   g iven   by  S t e w a r t .  ( 2 )  
The r o t o r  i n l e t  p r o g r a m  XINLET, i s  based on the use of method 1 of  Boxer ,  e t .  a l ,  
( 3 ) .  The r o t o r   d e s i g n   p r o g r a m   a p p l i e d   t o   t h e   s u p e r s o n i c   p a s s a g e s   o f   t h e   r o t o r  
i s  t h a t  o f  Goldman (4 ) .   Resu l t s   o f   t he   app l i ca t ion   o f   t hese   va r ious   p rog rams  
a n d  c a l c u l a t i o n s  i n  t h e  d e s i g n  p r o c e d u r e  w i l l  b e  p r e s e n t e d  n e x t .  
C2. Performance 
The pe r fo rmance   o f   t he   r e f e rence   t u rb ine   des ign  i s  summarized i n   F i g .  60 . 
The r e f e r e n c e   t u r b i n e  i s  des igned   fo r  a back   pressure   o f   14 .5   ps ia .   This  
v a l u e  c o r r e s p o n d s  t o  t h e  b a c k  p r e s s u r e  e x p e c t e d  t o  e x i s t  u n d e r  f u l l  f l o w  
c o n d i t i o n s   w i t h   a n  11 ps ia   ambien t   p re s su re .  The ambien t   p re s su re   o f  11 p s i a  
was s e l e c t e d  b e c a u s e  t y p i c a l  m i s s i o n  p r o f i l e s  show a l a r g e  f r a c t i o n  o f  t h e  
(1) McNally, W.  D . ,  For t ran  Program  for   Calculat ing  Compressible   Laminar   and 
Turbu len t  Boundary  Laye r s  i n  Arb i t r a ry  P res su re  Grad ien t s ,  NASA TN D-5681, 
May 1970. 
C h a r a c t e r i s t i c s  Downstream of Turbomachine Blade Rows i n  Terms of  Bas ic  
Boundary  Layer  Charac te r i s t ics ,  NACA TN 3515,  1955. 
Vortex-Flow Theory to the Design of Supersonic Impulse Compressor- 
Turb ine  Blade  Sec t ions ,  NASA RM L52B06, 1952. 
(4)  Goldman, L. F . ,   and   Scu l l in ,  V. J . ,  A n a l y t i c a l   I n v e s t i g a t i o n   o f   S u p e r -  
sonic  Turbomachine Blading,  I -Computer  Program for  Blading Design,  NASA 
TN D-4421,  March 1968. 
( 2 )  S t e w a r t ,  W. L . ,  Analysis  of  Two-Dimensional  Compressible-Flow Loss 
( 3 )  Boxer, E . ,  S t e r r e t t ,  J. R. ,  and  Wlodarski,  J . ,  App l i ca t ion   o f   Supe r son ic  
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Figure 58. Turbopower Unit Layout 
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Figure 59. Supersonic Turbine Design Procedure and Computer Programs 
APU opera t ion  a t  t h a t  l e v e l .  The i n l e t  p r e s s u r e  l e v e l  of 390 p s i a  was der ived  
from a c a r e f u l  a n a l y s i s  of the  minimum feas ib l e  p re s su re  d rops  expec ted  to  
e x i s t  i n  t h e  p r o p e l l a n t  c o n d i t i o n i n g  and  combustion  systems. A t  these  design 
condi t ions  the  re ference  turb ine  w i l l  produce an output  shaf t  power of  468.9 
horsepower  with a flow  of 0.24 lbs / sec .  This  cor responds  to  an  e f f ic iency  
of 57.2 percent .  
When the  re ference  turb ine  i s  operated a t  o the r  t han  des ign  p res su re  r a t io s ,  
the  performance  expected i s  t h a t  shown i n  Fig. 60 . The independent   var iable  
i s  t h e  r a t i o  of a c t u a l  o p e r a t i n g  p r e s s u r e  r a t i o  t o  d e s i g n  p r e s s u r e  r a t i o ;  t h e  
dependent  var iable  i s  t h e  r a t i o  o f  work output ,  ( foot-pounds per  pound) t o  
design work output  of  the  machine.  For a fu l ly  supersonic  turb ine  such  as the  
r e fe rence  des ign ,  t he  ca l cu la t ion  o f  o f f -des ign  pe r fo rmance  in  the  v i c in i ty  
of   the   des ign   pressure   ra t io  i s  comparatively  simple.  So long as a l l  four  f low 
elements,   the two s t a t o r s  and the  two rotors ,   remain  choked,   the  cont inui ty  
equations  remain  satisfied  through  the  machine.  With supersonic  f low  maintained 
through the machine, the only place a t  which the effect of changing back 
pressures  can  be  fe l t  i s  i n  t h e  v i c i n i t y  o f  t h e  t r a i l i n g  edge  of  the  second 
s tage   ro tor .   Theaddi t iona l   to rque   ava i lab le  due to  reduced  back  pressure 
comes from a Prandtl-Meyer expansion i n  t h e  v i c i n i t y  o f  t h e  t r a i l i n g  edge of 
the  rotor .   This   expansion makes i t s e l f  f e l t  as reduced  pressures   a long a 
po r t ion  of  the  suc t ion  sur face  a t  t h e  t r a i l i n g  edge. A s  the  back  pressure i s  
reduced, a po in t  i s  reached where additional Prandtl-Meyer expansion takes place 
outside  the  blade  passage.  Thus,  no addi t ional   pressure  changes  take  place  on  the 
suc t ion   sur face  and no fu r the r   t o rque   i nc rease  i s  in   ev idence .   Th i s   s i t ua t ion  
corresponds to the maximum work output .  
On t h e  o t h e r  s i d e  o f  t h e  d e s i g n  p r e s s u r e  r a t i o ,  as back pressure i s  increased ,  
ob l ique  shocks  tend  to  form in  the  v ic in i ty  of  the  t ra i l ing  edge ,  thus  
r a i s ing  the  p re s su re  on the  suc t ion  machine. As pressure   cont inues   to  r ise ,  
a p o i n t  i s  reached a t  which supersonic flow can no longer be maintained. The 
reference machine, a t  i t s  h i g h e s t  p r e s s u r e  r a t i o  ( i . e . ,  a t  sea l e v e l ) ,  w i l l  
maintain  supersonic   f lows  through  the  rotor   passage.  Some oblique  shocks  on 
the  suc t ion  su r face  t r a i l i ng  edge w i l l  reduce the torque output  as shown i n  
Fig. 60 . 
Some o f  t he  de t a i l s  o f  t he  des igns  o f  t he  r e fe rence  tu rb ine  are shown i n  
Fig.  61 . The nozzle  and r o t o r  (1) b lade   conf igu ra t ions   fo r   bo th   s t ages  
are shown. The ind iv idua l  s tage  e f f ic iency  and  power numbers are quoted 
along  with some of   the   key   geometr ic   de ta i l s   for   the  two s tages .  Comment 
i s  in  order  about  the  shapes  of  the  nozz les  for  the  two s t ages .  
The f i r s t  s t a g e  n o z z l e s  were selected as c i r cu la r  c ros s  sec t ion  nozz le s  wi th  
t h e i r  a t t e n d a n t  a d d i t i o n a l  wake mix ing  lo s ses  in  o rde r  t o  p rov ide  a proper 
match  between  the  flow  leaving  the f i r s t  s t a g e  and that  enter ing the second 
s t a g e ,  t h a t  i s ,  t o  ca re fu l ly  p i ck  up and guide the flow through both stages. 
(1) A f i n a l  i t e r a t i o n  on the rotor  blade shape w i l l  be  requi red  to  insure  
adequate  t ra i l ing  edge  th ickness  when the boundary layer displacement 
thickness  i s  removed from the ideal  blade surface.  
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PRESSURE  RATIO 26. 9 
FLOW RATE,  LB/SEC. 0 .24  
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SHAFT  POWER, HP 469 
*AMBIENT  PRESSURE = 11 PSIA 
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Figure 60. Reference  Turbine  Performance Summary 
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Figure  61.  Reference  Turbine - Selected  Details 
- 
I f  two d i m e n s i o n a l  c r o s s - s e c t i o n  n o z z l e s  h a d  b e e n  u s e d  i n  t h e  f i r s t  s t a g e ,  - 
t he  r e su l t i ng  a rc  o f  admiss ion  wou ld  have  been  ve ry  sma l l .  In  o rde r  t o  ma tch  
the  a rc  o f  admiss ion  in  the  second  s t age  i t  would have been necessary to  
h a v e  e x t r e m e l y  h i g h  b l a d e  h e i g h t  i n  t h e  s e c o n d  s t a g e  t o  p r o v i d e  t h e  f u l l  
f l o w   a r e a .   T h i s   a d d i t i o n a l   b l a d e   h e i g h t   w o u l d   c a u s e   a d d i t i o n a l  stress 
d i f f i c u l t i e s  a n d  a d d i t i o n a l  p a r t i a l  a d m i s s i o n  l o s s e s  i n  t h e  s e c o n d  s t a g e .  
Thus   t he   compromise   o f   c i r cu la r   f i r s t   s t age   nozz le s   and  two- dimensional  
second s tage  nozzles w a s  selected.  
A d d i t i o n a l  d e t a i l s  o f  t h e  f l o w  t h r o u g h  t h e  f i r s t  a n d  s e c o n d  s t a g e  n o z z l e s  are 
shown i n   T a b l e  8 . The comple t e   ve loc i ty   d i ag rams  may be   cons t ruc t ed   f rom 
t h c s e  d a t a .  
C 3 .  Thermal  and  Mechanical  Limitations 
T r a n s i e n t  h e a t  t r a n s f e r  a n a l y s e s  o f  t h e  t u r b i n e  b l a d e s  a n d  t u r b i n e  r o t o r  s y s t e m  
were conducted  a long  wi th ,  as a l i m i t ,  s t e a d y  s ta te  a n a l y s i s  o f  t h e  r o t o r  
system. Some o f   t h e   r e s u l t s   o f   t h e   a n a l y s i s  are shown i n   F i g .   6 2  . Fig. 62a 
shows t h e  g a s  b l a d e  h e a t  t r a n s f e r  c o e f f i c i e n t s  i n  t h e  f i r s t  s t a g e  b l a d e  as a 
f u n c t i o n  o f  d i s t a n c e  a l o n g  t h e  s u r f a c e  f o r  b o t h  t h e  s u c t i o n  a n d  p r e s s u r e  
su r faces   o f   t he   b l ade .  These i n s t a n t a n e o u s   c o e f f i c i e n t s  are der ived   f rom  the  
boundary   l ayer   ana lys i s   conducted   on   the   b lade .   Appropr ia te ly   modi f ied   for  
a r c  o f  a d m i s s i o n  a n d  f r a c t i o n a l  o n - t i m e ,  t h e s e  c o e f f i c i e n t s  are t h e n  a p p l i e d  
t o  t h e  c a l c u l a t i o n  o f  t r a n s i e n t  t e m p e r a t u r e  d i s t r i b u t i o n s  i n  t h e  b l a d e  d u r i n g  
a s t a r t   c y c l e   f r o m  room temperature .  The a d i a b a t i c  w a l l  t empera ture  re la t ive  
t o  t h e  b l a d e  w h i c h  c a u s e s  t h e  h e a t  t r a n s f e r  w a s  assumed to  have  a square  
wave c h a r a c t e r i s t i c ,  i . e . ,  on   i n s t an taneous  rise. The w o r s t   t r a n s i e n t   c o n d i t i o n  
w i t h  r e s p e c t  t o  t o t a l  s t r a i n  i n  t h e  b l a d e  o c c u r r e d  a t  0.15  seconds. The 
i s o t h e r m s  f o r  t h i s  s i t u a t i o n  are shown i n  F i g .  62b. The rap id  b l ade  r e sponse  
r e s u l t s  from t h e i r  small s i z e  and  the  l a rge  f r ac t ion  o f  hydrogen  in  the  work ing  
f l u i d  
F igu re  62c rep resen t s  t he  t empera tu re  as a f u n c t i o n  o f  r a d i u s  a t  s e l e c t e d  t i m e s  
d u r i n g   t h e   t r a n s i e n t   p e r i o d .  The t e m p e r a t u r e   d i s t r i b u t i o n   i n   t h e  d i s c  a t  
6 s e c o n d s  a f t e r  s t a r t  i s  determined t o  be  the  wors t  cond i t ion  f rom a thermal  
s t r e s s  p o i n t  o f  v i e w .  F i g u r e  6 2 p r e s e n t s  t h e  same d i s c  d a t a  p l o t t e d  as a 
func t ion   o f  t i m e  f o r  s e l e c t e d  r a d i i .  I t  w i l l  be   no ted   t ha t   t he rma l   s t eady  
s t a t e  i s  a c t u a l l y  a c h i e v e d  a f t e r  5 minutes  of  opera t ion .  
Wi th   the   t empera ture   g rad ien ts  known, t h e  s t e a d y - s t a t e  a n d  t r a n s i e n t  b l a d e  
a n d   d i s c  stresses can   be   s tud ied .   F igu re   63presen t s  some o f   t h e   p e r t i n e n t  
r e s u l t s  fo r   t he   b l ades .   F igu re63ashows   mod i f i ed  Goodman d i a g r a m s   f o r   t h e  
b l a d e   r o o t  stresses f o r  b o t h  s t a g e s .  It i s  c l e a r  t h a t  a more than   adequa te  
s a f e t y   f a c t o r   e x i s t s .  The c y c l i c  s t ress  s i t u a t i o n  due t o   t h e   t r a n s i e n t  
t e m p e r a t u r e  d i s t r i b u t i o n  i n  t h e  b l a d e  i s  shown a t  Fig.  6%.  The t o t a l  s t r a i n  
c o r r e s p o n d i n g  t o  t h e  t r a n s i e n t  t e m p e r a t u r e  d i s t r i b u t i o n  0.15 s e c o n d s  a f t e r  
a s t a r t  i s  seen   to   cor respond  to  l o5  s top - s t a r t   cyc le s .   Th i s   compares  
w i t h  a r e q u i r e d  1500 s t o p - s t a r t  c y c l e s  f o r  t h e  TPU. 
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TABLE 8 
VELOCITY DIAGRAM DATA 
ITEM 
ISENTROPIC  VELOCITY,  Co,  FT/SEC 
NOZZLE EXIT  VELOCITY, C 2 ,  FT/SEC 
NOZZLE E X I T  FLOW ANGLE, a 2 ,  DEGREES 
NOZZLE E X I T  TANGENTIAL  VELOCITY, Cu2, FT/SEC 
NOZZLE EXIT  AXIAL  VELOCITY, C M ~ ,  FT/SEC 
ROTOR INLET  P ITCH LINE VELOCITY, Up,, FT/SEC 
ROTOR INLET  RELATIVE  TANGENTIAL  VELOCITY, Wu2, FT/SEC 
ROTOR INLET  RELATIVE FLOW ANGLE, p 2 , DEGREES 
ROTOR INLET  RELATIVE  VELOCITY, W2 , F”I’/SEC 
ROTOR EXIT  RELATIVE  VELOCITY, W 3 ,  FT/SEC 
ROTOR EXIT  RELATIVE FLOW ANGLE, p 3 ,  DEGREES 
ROTOR EXIT  RELATIVE  TANGENTIAL  VELOCITY, Wu FT/SEC 
ROTOR EXIT  AXIAL  VELOCITY, Ww3, FT/SEC 
ROTOR E X I T  TANGENTIAL  VELOCITY,  Cu FT/SEC 
3’ 
3’ 
ROTOR E X I T   P I T C H  LINE VELOCITY, Up,, FT/SEC 
ROTOR E X I T  ABSOLUTE  VELOCITY,  C3,  FT/SEC 
ROTOR E X I T  ABSOLUTE FLOW ANGLE , a , DEGREES 
NOZZLE E X I T  MACH NUMBER, M2 
ROTOR INLET  RELATIVE MACH NUMBER, Mw2 
E X I T  M C H  NUMBER, M3 
(ALL ANGLES MEASURED FRCM PLANE OF WHEEL) 
FIRST STAGE 
9185 
8775.60 
12.84 
8556.31 
1949.54 
1680.75 
6875.56 
15.83 
7146.62 
4963.72 
18.89 
4696.38 
1607.02 
2994.69 
1701.69 
3398.52 
28.22 
1.823 
1.4848 
0.660 
SECOND STAGE 
7600 
7375 
16.48 
7070 
2090 
1748.29 
5321.71 
21.44 
5720 
4414.27 
24.50 
4016.81 
1830.57 
2258.57 
1758.24 
2907.25 
39.02 
1.605 
1.243 
0 .599 
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Figure 63. Turbine Blade Stresses 
F o l l o w i n g  t h e  s t a r t  t r a n s i e n t ,  t h e  r o t o r  b l a d e s  are s t i l l  s u b j e c t e d  t o  c y c l i c  s t r a i n  
due t o  t h e  p u l s e  mode of  combustor  operation. The s t r a in  r ange  a s soc ia t ed  wi th  these  
pulses  i s  very small. I leat   f lows  into  the  blades  by  conduct ion when the  combustor i s  
on,  and flows  out  of  the  blades by conduction a l l  of t h e  time. The conduction i s  the  
l i m i t i n g  process.   Thus,   the  blade  temperature i s  ve ry   c lose   t o   t he   gas   t empera tu re  
while the  combustor i s  o f f  as wel l   as   while  i t  i s  on. The tempera ture   g rad ien t   in  
the blades under  both condi t ions is very much s m a l l e r  t h a n  d u r i n g  t h e  s t a r t  c y c l e .  
Thus ,   the   cyc le   l i fe   for   normal   pu lse   oDera t ion  is e s s e n t i a l l y  u n l i m i t e d .  IVhile t h e  
margin of  safety on cyc le  l i f e  f o r  s t o p - s t a r t  c y c l e s  is more than adequate ,  another  
q u e s t i o n  t o  be considered i s  t h e  c y c l e  l i f e  when t h e  u n i t  is sub jec t ed  to  t empera tu re  
t r a n s i e n t s  d u r i n g  o p e r a t i o n .  T h i s  s o r t  o f  s i t u a t i o n  c a n  a r i s e ,  when, for  example,  
t h e  TPU i s  running a t  fu l l  l oad  wi th  the rma l  s t eady  s ta te  a t t a i n e d  and t h e  e x t e r n a l  
load is suddenly  dropped  to   the minimum value .  Under these  c i rcumstances,  two o r  
t h ree  pu l ses  o f  ope ra t ion  wi th  the  r e fe rence  p rope l l an t  cond i t ion ing  sys t em,  can  p ro -  
duce  temperatures  in  excess  of  the  nominal  temperature  by  say, 10O0F. The e f f e c t  o f  
temperature  spikes ,  500 and 1000° F above t h e  nominal  va lues  were  ca lcu la ted  in  order  
t o  g e t  a measure  of  the  severity  of  the  problem. As will be  seen  in  F ig .  64 expected 
cyc le   l i f e   unde r   t hese   cond i t ions  is approximately  106  cycles.   This means t h a t  a l -  
most every pulse  during the 100 mission l i f e  of  the uni t  could be an over- temperature  
pu l se  f rom the  po in t  o f  v i ew o f  t r ans i en t  s t r e s ses  wi thou t  caus ing  d i f f i cu l ty .  O f  
course,  i f  eve ry  pu l se  were  in  f ac t  an over - tempergture  pulse  the  average  tempera ture  
of   the   b lade  would creep up t o  an  unacceptable   level ,   Thus,   whi le   the  t ransient  tem- 
perature  response i s  quite adequate from the point of view of cycle l i f e ,  extended 
exposure to   ove r - t empera tu re   cond i t ions  would cause   b l ade   f a i lu re s .   Fo r  t h i s  reason 
an over- temperature  control  has  been included in  the system as descr ibed  e l seqhere  
i n  this r e p o r t .  
The des ign  of  bo th  turb ine  d iscs  was based on s t eady- s t a t e  t empera tu re  d i s t r ibu -  
t i o n s .  These  designs  are  summarized  in  Fig. 65. The f i r s t  s t a g e   d i s c   b e i n g   h o t t e r ,  
was des igned  to  have  an  e f f ec t ive  s t r e s s  we l l  below t h e  0 . 2  percent  1,000 hour  creep 
s t r e n g t h ,  a s  shown in   F ig .  65. The second   s t age   d i sc   be ing  much coo le r  was l imi t ed  
not by a long  t ime  creep  but by s h o r t  time u l t i m a t e  p r o p e r t i e s .  T h i s  d i s c  was 
therefore  des igned  to  have  an  adequate  s t rength  compared t o  t h e  s h o r t  t i m e  u l t i m a t e  
s t r eng th  with a f a c t o r  o f  s a f e t y  o f  1 . 4 .  Both d isc   des igns   a re   conserva t ive ly   based  
on cont inuous  opera t ion  a t  maximum ra ted  speed  of  63,000 rpm. The t empera tu re  d i s -  
t r i b u t i o n s  used a re   based  on maximum power operat ion.   This  i s  a l so   conse rva t ive  
s ince  most o p e r a t i o n  i n  t h e  t y p i c a l  power p r o f i l e  i s  a t  reduced power l e v e l s  which 
cause  the  average  disc   temperature   to   be  reduced a few degrees .  Use o f  t h e  f u l l  
poKer l eve l s  g ives  a c a p a b i l i t y  t o  a d a p t  t o  changed mission requirements. 
The c y c l i c  l i f e  o f  t h e  t u r b i n e  d i s c s  b a s e d  on t h e  t r a n s i e n t  t e m p e r a t u r e  d i s t r i b u -  
t i o n  a t  6 seconds  a f t e r  s t a r t  i s  shown i n  F i g .  65. The f i r s t  s t a g e  d i s c  i s  s e e n  t o  
be  capable  of 104 s t a r t - s t o p  c y c l e s  compared to  the  r equ i r ed  1500 .  The second 
s tage  has  a much h i g h e r  c y c l e  l i t e .  Both d i s c s  a r e  more than  adequate   with  respect  
t o  c y c l i c  l i f e .  
The var ious rotor  dynamics calculat ions which have been made on the  re ferenced  TPU 
a r e  summarized i n  F i g .  66. Figure  66a shows the   synchronous   c r i t i ca l   speeds  f o r  t he  
t u r b i n e  r o t o r  as a func t ion  of  bear ing  spr ing  ra te .  A t  t h e  s e l e c t e d  b e a r i n g  s p r i n g  
ra te  of  lx105 lb / in  the  ro tor  opera tes  be tween the  f irst  and s e c o n d  c r i t i c a l  s p e e d s .  
In t h i s  r e g i o n  room e x i s t s  f o r  some v a r i a t i o n  i n  t h e  b e a r i n g  s p r i n g  r a t e s  w i t h o u t  
c a u s i n g  d i f f i c u l t y  w i t h  r e s p e c t  t o  c r i t i c a l  speeds.   Figure 66b  shows t h e  r o t o r  mode 
shape  fo r  t he  second  c r i t i ca l  speed .  Th i s  is seen  to  co r re spond  to  ro t a t ion  abou t  
t he  cen te r  o f  g rav i ty  o f  t he  tu rb ine  ro to r s .  
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Figure 65. Turbine Disk Stresses 
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F i g u r e  66. Rotor Dynamics Summary 
TORSIONAL NATURAL FREQUBiCIILs 
Vith Becornended Stiffnrmcs 
I F i g u r e e p r e s e n t s   t h e   p r e c e s s i o n a l   n a t u r a l   f r e q u e n c i e s  of   the   tu rb ine   ro tor  
!,' as  a funct ion  of   turbine  speed.  The na tura l   f requencies   for   forward   ( so l id  
l i n e s )  and  backward (do t t ed  l i nes )  p recess ion  a re  shown f o r  t h e  f i r s t ,  second  and 
t h i r d  modes. Since a l l  t h e  r o t a t i n g  s h a f t s  i n  t h e i s  TPU r o t a t e  i n  t h e  same d i r ec -  
tion only forward precession need by condidered. The s t r a i g h t  l i n e s  r a d i a t i n g  
f rom the  or ig in  represent  the  poss ib le  exc i t ing  f requencies  due to  unbalance 
of  the   l abe led   ro ta t ing   shaf t s .   For   example ,   the   in te rsec t ion   of   the   tu rb ine  
speed l ine with the forward precession natural  f requencies  correspond to  the 
synchronous c r i t i c a l  s p e e d s  as shown i n  Fig.66C. I n t e r s e c t i o n  o f  t h e  a l t e r n a t o r  
s p e e d  e x c i t a t i o n  c u r v e  w i t h  t h e  f i r s t  mode forward  precess iona l  na tura l  
frequency curve represents a p o s s i b l e  e x c i t a t i o n  o f  t h a t  f i r s t  mode by 
a l te rna tor  unbalance .  Such exc i t a t ion  o r  r e sonance  would occur  a t  a tu rb ine  
speed  of 48,000 rpm. A resonance point a t  least  20% away from  the  normal 
operat ing speed i s  general ly  considered safe  even with l i t t l e  o r  no damping 
i n  t h e  system. It can   be   seen   therefore   tha t   p recess iona l   na tura l   f requencies  
are not  a problem i n  t h i s  TPU. 
F igu resdpresen t s  t he  to r s iona l  na tu ra l  f r equenc ie s  as a func t ion  of  tu rb ine  
speed. The h o r i z o n t a l  d o t t e d  l i n e s  r e p r e s e n t  t h e  v a r i o u s  t o r s i o n a l  n a t u r a l  
f r equenc ie s  wh i l e  t he  so l id  l i nes  r ad ia t ing  f rom the  or ig in  represent  the  
poss ib l e   exc i t i ng   f r equenc ie s .   In t e r sec t ions   o f   t he   exc i t i ng   f r equenc ie s  
curves with t h e  na tura l  f requency  curves  represent  in te r fe rence  poin ts  or  
po ten t ia l   resonances .  Again i t  w i l l  be   s een   t ha t   t he   va r ious   i n t e r sec t ions   l i e  
a t  l e a s t  20% away from the  normal  operating  speed. It  should  be  noted  that  
i n  o rde r  t o  a t t a in  the  marg in  shown i n  F i g .  66d, it is  necessa ry  to  make  some 
s l igh t   mod i f i ca t ions   t o   t he  TPU. S t i f f n e s s e s   o f   t h e   a l t e r n a t o r   s h a f t  and 
hydrau l i c  pump s h a f t s  w i l l  have t o  be  inc reased  s l igh t ly  wh i l e  t he  s t i f fnes s  
o f  t h e  q u i l l  s h a f t  w i l l  have to be reduced somewhat from t h a t  shown i n  t h e  
drawings  of  Fig. 58 . This la t te r  can  be  accomplished by inc reas ing  
the  length  of t h e  q u i l l  s h a f t .  
The f i n a l  v i b r a t i o n  c h a r c t e r i s t i c  s t u d i e s  on the referenced TPU w a s  t h e  d i s c  
diametral v i b r a t i o n  c h a r a c t e r i s t i c s .  A l l  d i a m e t r a l  c r i t i c a l  s p e e d s  f o r  a l l  modes 
fo r  bo th  d i sc s  were  above  100,000 rpm and thus not  a problem. 
D. TPU SEALS 
Several  s ea l s  a re  used  in  the  TPU, both on the high speed rotor and on the 
hydraul ic  pump pads  of  the  gear box. Some o f  t h e  m a j o r  c h a r c t e r i s t i c s  of these  
s e a l s  are described  in  Fig.   67.   Fig.67a shows a sketch of  the turbine hot  gas  
seal and the  turbine and o i l  seal ,  The turb ine  hot  gas  seal i s  a f l o a t i n g  r i n g  
type   sea l   wi th  .002 inch  diametral   c learance.  The t u r b i n e  o i l  seal i s  a hydro- 
dynamic face-sea l  se lec ted  to  provide  negl ig ib le  leakage  dur ing  opera t ion  
combined wi th  long  l i f e .  As seen  in  Fig.67q,this  hydrodynamic seal r equ i r e s  
s l i g h t l y  more power than would be required of  a more common rubbing contact  
s e a l .  The hydrodynamic o i l  f i l m  which prevents  rubbing  contac t  grea t ly  ex tends  
the  l i f e  o f  t he  sea l .  F ig .  67bshows a sketch of  the hydraul ic  pump pad seals. 
These are  conventional  rubbing  contact  welded  bellows  type seals. Power loss f o r  
these  rubbing  contac t  sea ls  i s  a l s o  shown in  F ig .  67c. 
111 
(a)  
TURBINE OIL AND GAS SEALS 
EXHAUST 17.5 PSlA 
DRAIN TO TURBINE 
OIL  MIST HOT GAS 
MIL-L-7808 Hz + H20 
+ NITROGEN 
18-22  PSlA 
MOT 
m PSIA 
1m 7 
OIL  CIRCULATION 
HOLES -/’” / 
/ 
i 
TURBINE HOT GAS SEAL 
FLOATING RING, ,002 INCH 
DIAMETRAL CLEARANCE CARBON 
P5N INSERT, INCONEL 7% BAND, 
CHROME PLATED  SHAFT 
-TURBINE  OIL SEAL 
HYDRODYNAMIC FACE 
CARBON CDJ-83 FACE 
WELDED  BELLOWS 
CHROME  PLATED MATING 
RING 
(b) 
rnAUULIC PUMP PAD SEALS 
OIL MIST 
MIL-L-78WI ATMOSPHERE 
+ NITROCEN (dl  
18-22 PS lA  .- TUBBINE INTERSTAGE LbBYBZNTH SEAL 
210 T (Traneient Radial Dieplacement) 
“ HYDRAULIC  PUMP SEAL 
STATE OF TIIE ART RUBBING CONTACT WELDED 
COMPONENTS CARBON CDJ-83 FACE 
BELLOWS  TYPE 
CHROME PLATED AMs5630 
MATI NG RING MAXIMUM DISPLACEMENT AT SEAL = 0.0034 IN. 
Figure 67. Seals 
1 13 
The o t h e r  s e a l  on the  h igh  speed  shaf t  i s  the  in te r -s  tage  labyr in th  sea l  be tween 
the  two tu rb ine  s t ages .  It  i s  r e q u i r e d  t h a t  t h i s  seal be  operated  with  absolute  
minimum clearance.   This   c learance i s  de t e rmined   e s sen t i a l ly  by the maximum 
t r a n s i e n t  d i s p l a c e m e n t  o f  t h e  r o t o r  d u r i n g  p a s s a g e  t h r o u g h  t h e  f i r s t  c r i t i c a l  
speed.  Fig.67d, shows the  typ ica l  t r ans i en t  d i sp l acmen t  o f  t he  sha f t  a t  the 
number 1 (a dr ive   end)   bear ing .   S imi la r   da ta   for   the  number 2 ( turbine  end)  
bear ing al lowed the determinat ion of  the maximum t rans ien t  d i sp lacement  a t  any 
loca t ion  a long  the  sha f t .  Maximum displacement a t  t h e  i n t e r s t a g e  l a b y r i n t h  i s  
thereby  determined  to  be .0034 inches .   In te rs tage   l eakage   for   the   per formance  
ca l cu la t ions  was based on th i s  c l ea rance .  
E. TPU BEARINGS 
All t he  bea r ings  in  the  TPU are expected to have a B - 1  l i f e  i n  e x c e s s  o f  3 , 0 0 0  
hours.  Some of  the   charac tc r i s t ics   assoc ia ted   wi th   the   h igh   speed   angular  
contact   bear ings are shown i n   F i g .  68 . The e f f e c t   o f   a x i a l   p r e l o a d  on r a d i a l  
s t i f f n e s s  i s  shown i n  F i g .  68a . An ax ia l  p re load  o f  25 pounds on Ihe  high 
speed  turbine  rotor  w i l l  p rov ide  the  des i r ed  r ad ia l  s t i f fnes s  of  10 lb s l inch .  
The high speed pinion rotor  required a r a d i a l  s t i f f n e s s  o f  2x105 l b s / i n  t o  a v o i d  
c r i t i ca l  speed  problems thus  requi r ing  an  ax ia l  p re load  on the  p in ion  bear ings  
of 55 lb s .  
Figure 68hhows a t y p i c a l  power loss cha rac t e r i s t i c  fo r  p in ion  bea r ings  as a 
funct ion  of   both  load  and  oi l   temperature .  The lower  curve  represents  the power 
loss due to  the  appl ied  load  whi le  the  upper  curves  represents  the  v iscous  
power loss due t o  t h e  p r e s e n c e  o f  o i l  i n  t h e  b e a r i n g s .  The curves  represent  
t h r e e  d i f f e r e n t  forms of  lubricat ing varying from f looded operat ion to  the 
s e l e c t e d  o i l  mist opera t ion .  Tota l  power loss i s  the  sum of  the viscous and 
load losses .  S i m i l a r  c a l c u l a t i o n s  were made fo r  t he  o the r  bea r ing  s i zes  used  
in  the  gea r  box. The t o t a l  b e a r i n g  power loss then i s  shown i n  F i g . 6 8 ~  f o r  h o t h  
the maximum power and minimum power condi t ions .  
F.  TPU GEARBOX 
F1. Gear  Design 
The gear  box i t s e l f  w a s  shown i n  some d e t a i l   i n   F i g .  58 . Some of   the   fea tures  
of   th i s   gearbox  a re  : po in ted   ou t   i n   F ig .  69 . The general   gear  arrangement 
was selected based on the speeds,  which requi red  a double reduction from the  
tu rb ine  sha f t  t o  t he  pump s h a f t ,  and a des i r e  t o  ob ta in  ba l anced  loads  on the 
pinion. Idler gears were used between the pump and p in ion  sha f t s  t o  p rov ide  
cen te r  l i ne  spac ing  and  to  a l low loca t ion  o f  t he  id l e r  gea r s  on oppos i te  
s ides  of  the pinion thus balancing the torque loads and minimizing the pinion 
bearing  load. The main  bearing  load  applied to the  p in ion  i s  due to  the  
a l t e rna to r  l oad  which i s  appl ied  through  one  of   the  idler   gears .  A s  long as the 
two hydraul ic  pumps ope ra t e  toge the r ,  t ha t  i s ,  absorb the same torque,  the  load 
on the pinion i s  near ly  balanced and t h e  b e a r i n g  l i f e  i s  greatly enhanced. 
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It  might  be  thought  tha t  the  torque  loads  on  the  p in ion  and  sp l ine  would  be  
i n  t h e  n a t u r e  o f  a comple t e ly  r e l eased  to rque  load  wi th  a pulse  modulated 
con t ro l   sys t em.  The c u r v e   i n   F i g .  69 shows t h a t   h e   a c t u a l   t r a n s m i t t e d  
torque  has  a much g r e a t e r  v a r i a t i o n  as a func t ion  o f  t he  s t eady  power  ou tpu t  
of   the  gear   box.  The small v a r i a t i o n   b e t w e e n   t h e   c o m b u s t o r   o n - o f f   s i t u a t i o n s  
r e s u l t s  f r o m  t h e  f a c t  t h a t  m o s t  o f  t h e  i n e r t i a  o f  t h e  r o t a t i n g  a s s e m b l y  i s  i n  
the   t u rb ine   d i sc s .   Thus ,  when the  combustor i s  on a s i g n i f i c a n t  p o r t i o n  o f  t h e  
e n e r g y   g e n e r a t e d   g o e s   i n t o   a c c e l e r a t i n g   t h e   t u r b i n e   d i s c s .  The remainder  i s  
t r a n s m i t t e d  a n d  p r o v i d e s  l o a d  t o r q u e  a n d  a c c e l e r a t i o n  t o r q u e  f o r  t h e  l o a d  
i n e r t i a s .  Then the  combustor  i s  o f f   t h e  same amount   of   load  torque i s  
e x t r a c t e d  f r o m  t h e  t o t a l  s y s t e m  i n e r t i a  i n  p r o p o r t i o n .  t o  t h e  i n e r t i a  o f  e a c h  
element .  Thus mos t   o f   t he   t o rquecomes   f rom  tu rb ine   d i sc s   wh ich   s to re   mos t  
o f  t h e  e n e r g y  d u r i n g  a c c e l e r a t i o n .  
With t h i s   t y p e   o f   l o a d i n g   t h e   g e a r s   c a n   b e   c o n v e n t i o n a l   i n v o l u t e   s p u r   g e a r s  
w i t h  f u l l  d e p t h  t e e t h  a n d  25 deg ree   p re s su re   ang le s .  The materials are AGMA 
q u a l i t y   g r a d e  2 ,  whi le   the  dimensions w i l l  be  AGMA t o l e r a n c e  class 13. This  
combination i s  w e l l  w i t h i n  t h e  s t a t e  o f  t h e  a r t  f o r  a i r c r a f t  q u a l i t y  g e a r s .  
F u r t h e r  s t u d i e s  h a v e  shown t h a t ,  w i t h  t h e  t o o t h  l o a d s  a n d  s p e e d s  u s e d  i n  t h i s  
g e a r  b o x ,  f u l l  h y d r o d y n a m i c  o i l  f i l m  w i l l  be  main ta ined  cont inuous ly  on  a l l  
g e a r s .  
The t o t a l  power l o s t  i n  t h e  g e a r  box i s  10.6 horsepower a t  f u l l  l o a d  a n d  5.9 
horsepower a t  zero  load.   These  powers   include  the power absorbed   by   the   gears ,  
t h e  power absorbed by the bear ings and seals as p r e v i o u s l y  d i s c u s s e d ,  a n d  t h e  
power  abso rbed  by  the  sepa ra to r /pump and  c i r cu la to r  o f  t he  lub r i ca t ion  sys t em.  
The t o t a l  power loss a t  f u l l  l o a d  f o r  t h i s  g e a r  box  thus i s  less  t h a n  2.7 p e r c e n t  
.of t he  t r ansmi t t ed  power .  
F2 Zero  Gravi ty  Lubr ica t ion  Sys tem 
The z e r o  g r a v i t y  l u b r i c a t i o n  s y s t e m  d e s i g n e d  f o r  t h e  r e f e r e n c e  TPU i s  shown 
s c h e m a t i c a l l y   i n   F i g .  70 . This  ystem i s  b a s e d   o n   t h e   u s e   o f   a n   o i l  m i s t  
l u b r i c a t i o n  w i t h  n i t r o g e n  as a c a r r i e r  p r o v i d i n g  p o s i t i v e  c i r c u l a t i o n  o f  t h e  
o i l  m i s t .  The des ign  i s  based  on NASA sponsored  technology  (developed  in   the 
Brayton  cycle   program).  The r e s u l t  i s  a l o w - l o s s ,   a t t i t u d e   i n s e n s i t i v e  
l u b r i c a t i o n   s y s  t e m .  
Opera t ion   of  the   sys tem w i l l  b e   d e s c r i b e d   b y   r e f e r e n c e   t o   F i g .  70 . O i l  
a n d  n i t r o g e n  g a s  f r o m  t h e  g e a r  b o x ,  t u r b i n e  h o u s i n g ,  a n d  a l t e r n a t o r  are 
m a n i f o l d e d   t o g e t h e r   i n t o  a lube  scavenge  manifold.  Two phase  f low  f rom  the 
ma l l i fo ld  pas ses  in to  the  cen t r i fuga l  s epa ra to r  wh ich  i s  r o t a t i n g  o n  t h e  1 2 , 0 0 0  
rpm s h a f t   o f   t h e   g e a r   b o x .  The l i q u i d  i s  t h r o w n   t o   t h e   o u t s i d e   o f   t h e  
s e p a r a t o r   a n d   r o t a t e s  a t  s e p a r a t o r  t i p  s p e e d s .  The g a s   p a s s e s   o u t   o f   t h e  
s e p a r a t o r  a l o n g  t h e  c e n t r a l  p o r t i o n  o f  t h e  s e p a r a t o r  a n d  i s  c a r r i e d  t o  t h e  
c i r c u l a t o r  i n l e t  w h e r e  t h e  p r e s s u r e  i s  r a i s e d .  It i s  then   f ed   back   i n to   t he  
gear  box a t  t h e  a p p r o p r i a t e  l o c a t i o n s  t o  p i c k  up o i l  m i s t  a n d  r e t u r n  i t  t o  
the  lube  scavenge  mani fo ld .  
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Figure 70. Zero Gravity  Lubrication  System  Schematic 
The o i l  i n  t h e  s e p a r a t o r ,  r o t a t i n g  a t  s e p a r a t o r  v e l o c i t i e s ,  g e n e r a t e s  a head. 
T h i s  o i l  i s  picked up and  removed from the  separa tor  on a cont inuous  bas is  
by t h e  p i t o t  pump which i s  
poo l   o f   o i l .  The pressure  
a func t ion  of  the  ro ta t ive  
t h e  p i t o t  pump pickups and 
The l e v e l  o f  t h i s  r o t a t i n g  
as a h igh  pressure  s torage  
pump i s  low, o i l  f lows  out 
a non-rotat ing element  submerged i n  t h e  r o t a t i n g  
l e v e l  o f  t h e  o i l  coming o u t  o f  t h e  p i t o t  pump i s  
speed  and  the  d i f f e ren t i a l  r ad ia l  d i s t ance  between 
the  inner  sur face  of  the  ro ta t ing  pool  of  o i l .  
pool i s  con t ro l l ed  by the accumulator which serves 
dev ice   fo r   o i l .   I f   t he   p re s su re   l eav ing   t he   p i to t  
of  the  accumulator  into  the  system,  thereby .~ 
r a i s i n g  t k o i l  l e v e l  i n  t h e  s e p a r a t o r .  I f  e x c e s s  o i l  g e t s  i n t o  t h e  s e p a r a t o r  
and  the  p i to t  pump p r e s s u r e  r i s e s  above 70 p s i ,  o i l  f l o w s  b a c k  i n t o  t h e  
accunulator .  The main  flow  from  the p i t o t  pump passes  through a f i l t e r  and 
a hydraul ic  o i l  cooler  before  be ing  sen t  back  in to  the  gear  box and a l t e r n a t o r  
to  perform i t s  cool ing and lubricat ing funct ions.  The whole  gear  box  and 
lubr ica t ion  sys tem i s  he ld  a t  a minimum pressure of  20 p s i a  by e x t e r n a l  
p re s su r i za t ion  wi th  n i t rogen .  
This  system  has  several   features  worthy  of  note.  I t  i s  r ead i ly  in t eg ra t ed  
wi th  the  ex i s t ing  des ign  o i l  sp ray -coo led  a l t e rna to r  by simply providing a 
p o r t  c l o s e  t o  t h e  o i l  i n l e t  t o  a l l o w  c a r r i e r  n i t r o g e n  t o  be injected s imul-  
taneously.  The system can also be operated without  an al ternator  being 
p resen t .   S ince   t h i s   sys t em  has   pos i t i ve   c i r cu la t ion  i t  i s  a t t i t u d e  i n s e n s i t i v e .  
The leve l   cont ro l   in   the   sys tem i s  pass ive ,  i . e . ,  an  accumulator.   Further,  
in  the event  that  the system should for  some reason  momentar i ly  fa i l  to  pump, 
t h e  p i t o t  pump mechanism i s  s e l f  r e s t o r i n g .  
The c i r c u l a t o r  and p i t o t  pump have been scaled from results of the previously 
mentioned  Brayton  cycle  developed  technology. For  example,  the o i l  d r o p l e t  
drag i s  maintained the same a s  t h a t  i n  t h e  t e s t e d  s y s t e m  by maintaining a 
system  gas  pressure  drop  of 3 . 2  p s i .  A t  the  same t ime  the  carrying  capaci ty  
of the gas i s  obtained by having a volume flow of gas 125 times that  of  the 
volume flow of l i qu id .  The geometry  of  the  pitot pump i t s e l f  i s  a l so  sca l ed .  
This  lubr ica t ion  sys tem i s  a l so  eas i ly  adap ted  to  the  ground  checkout  system. 
As w i l l  be desc r ibed  l a t e r  t he  recommended ground checkout system operates a t  
greatly  reduced  speed. The lubrication  system  can  be made to   func t ion  
adequately under these circumstances by u t i l i z i n g  a ground source of oil 
pres su re  and a ground  source  of  nitrogen  pressure.  These two devices  would 
e s s e n t i a l l y  b e  p l u g g e d  i n t o  t h e  c i r c u i t  i n  p a r a l l e l  w i t h  t h e  c i r c u l a t o r  and 
i n  s e r i e s  w i t h  t h e  p i t o t  pump. Such an  ex terna l  sys tem a lso  permi ts  the  use  
of  an external  oi l  cooler  thereby al lowing extended durat ion ground checkout  
runs.  
G . COMBUSTOR 
The combustor used with the referenced TPU i s  shown i n  s e c t i o n  i n  F i g .  7 1  . 
The b a s i c  combustor uses regenerative dump cool ing  to  main ta in  low w a l l  
temperatures  and low injector   temperatures .   This   cool ing  system also minimizes 
the soakback which might occur during the off- time between pulses. Further, 
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Figure 71. Combustor 
s i n c e  t h e  d e s i g n  m i x t u r e  r a t i o  i s  . 8 3 5 ,  u s e  o f  t h e  dump c o o l i n g  a l l o w s  f o r  com- 
b u s t i o n  t o  take p l a c e  a t  a m i x t u r e  r a t i o  o f  a b o u t  1 .3  t h e r e b y  p r o v i d i n g  good com- 
bus t ion   pe r fo rmance .   The   combus to r ,   o f   cou r se ,   a lways   ope ra t e s   a t   t he   des ign   po in t  
i n  t h e  p u l s e  m o d u l a t e d  s y s t e m .  I t  m i g h t  b e  n o t e d  t h a t  t h i s  dump cooled  combust ion 
chamber ,  combined  wi th  coaxia l  in jec t ion  has  grea t  po ten t ia l i ty  for  commonal i ty  wi th  
co : - -bus to r  des igns  in  o the r  e l emen t s  of t h e  s p a c e  s h u t t l e  a u x i l i a r y  p r o p u l s i o n  s y s t e m .  
The  combustor   eff ic iency is 98 p e r c e n t  as d e m o n s t r a t e d   i n  a r e l a t ed   p rog ram.   Suc -  
c e s s f u l  i g n i t i o n  h a s  b e e n  r e p e a t e d l y  d e m o n s t r a t e d  i n  t h e  same program. 
For the  pressure  modula ted  sys tem des ign  of  the  combustor  i s  more c r i t i c a l  w i t h  re- 
ga rd  to  pe r fo rmance  due  to  the  l a rge  f low modu la t ion  r equ i r emen t  ( approx ima te ly  10 
t o  1 t u r n  down r a t i o ) .  The r e fe rence   p re s su re   modu la t ion   sys t em  pe r fo rmance  is 
b a s e d  o n  a t t a i n i n g  a c o m b u s t i o n  e f f i c i e n c y  of 95 p e r c e n t  a t  t h e  i d l e  power s e t t i n g  
and 98 percent  f rom the  187  horsepower  des ign  poin t  to  the  maximum power p o i n t .  
At ta inment  of  th i s  combust ion  e f f ic iency  a t  t h e  i d l e  p o i n t  r e q u i r e s  u t i l i z a t i o n  o f  
s p e c i a l  i n j e c t o r  and  combus to r  des ign  t echn iques  deve loped  in  r e l a t ed  p rograms  and  
may r e q u i r e  u s e  o f  h i g h e r  p r e s s u r e  d r o p  i n j e c t o r s  t h e n  d e s i g n e d  f o r  t h e  p u l s e  p o w e r  
con t ro l   sys t em.  
The ign i t ion  sys t em p resen t ly  p l anned  fo r  t he  combus to r  i s  the  augmented  spark  ig-  
n i t i o n   s y s t e m  shown in   F ig .   71 .   Th i s   sys t em  u t i l i ze s   an   an techamber   where  combus- 
t i o n  i s  i n i t i a t e d  a t  r e l a t i v e l y  h i g h  m i x t u r e  r a t i o  w i t h  a s m a l l  p e r c e n t a g e  of  t h e  
p r o p e l l a n t s ,  w h i l e  t h e  ma jo r  p rope l l an t  f l ow i s  introduced downstream in the main 
chamber .   While   normal   spark  igni t ion  in   the  combustor   has   been  demonstrated  to   be 
s a t i s f a c t o r y ,  t h e  augmented spark i g n i t i o n  s y s t e m  h a s  b e e n  u t i l i z e d  f o r  a number of 
y e a r s  u n d e r  a w i d e  v a r i e t y  o f  c o n d i t i o n s  i n  t h e  5-2  rocke t  eng ine .  A f a i r l y  r e c e n t  
deve lopment ,   the   p lasma  ign i t ion   sys tem,  i s  a l s o   u n d e r   s t u d y  as an a l t e r n a t i v e .  The 
p lugs  themselves  are made i n t e g r a l  with t h e  e x c i t e r  i n  o r d e r  t o  p r o v i d e  a lower 
weight   sys tem  and ,   s ince   there  i s  no c a b l i n g  c o n n e c t i n g  t h e  e x c i t e r  a n d  p l u g s ,  re- 
d u c e d   r a d i o   i n t e r f e r e n c e .  The e x c i t e r  and  plugs are made r e d u n d a n t   f o r   i n c r e a s e d  
r e l i a b i l i t y .  
H .  GROUND CHECKOUT 
Ground checkou t  u s ing  the  TPU will be  accompl ished  by  us ing  an  ex terna l  source  of  
p r e s s u r i z e d   h e a t e d   n i t r o g e n .   T h i s   n i t r o g e n  is c o n n e c t e d   d i r e c t l y   t o   t h e   t u r b i n e  
in l e t   man i fo ld   w i thou t   go ing   t h rough  any c o n t r o l   v a l v e s .  With t h i s   a p p r o a c h ,  500 
p s i a  n i t r o g e n  h e a t e d  t o  300 F ( t o  a v o i d  i c i n g  i n  t h e  t u r b i n e  a n d  e x h a u s t ) ,  w i l l  
produce  an  output  power of  120 ho r sepower .   Because   o f   t he   l ower   spou t ing   ve loc i ty  
of  the  n i t rogen  compared  to  hydrogen ,  which  i s  t h e  ma in  cons t i t uen t  of t he  no rma l  
e x h a u s t   g a s e s ,   t h e  TPU will o p e r a t e  a t  a s i g n i f i c a n t l y   r e d u c e d   s p e e d .   T y p i c a l l y  i t  
will p roduce   t he  120  horsepower a t  13,000 rpm.  The a c t u a l  rpm a t  which  the TPU 
runs  will b e  t h e  f u n c t i o n  o f  t h e  i n l e t  c o n d i t i o n s  and t h e  a c t u a l  l o a d  a p p l i e d  t o  t h e  
TPU. Maximum power as a f u n c t i o n  o f  i n l e t  p r e s s u r e  l e v e l  i s  shown i n   F i g .   7 2 .  
A m a j o r  a d v a n t a g e  t o  t h i s  s y s t e m  as p resen t ly  conce ived  i s  t h a t  no s p e e d  c o n t r o l  is 
r e q u i r e d .  The n e c e s s i t y  f o r  s p e e d  c o n t r o l  is e l imina ted   because   t he   g round  t e s t  
runaway speed  of  the  turb ine  a t  no  load  is less t h a n  50,000 rpm compared t o  t h e  
no rma l   ope ra t ing   speed   o f  60,000 rpm.  Thus w i t h  t h e s e  low gas  temperatures   and 
self  l i m i t i n g  s p e e d s ,  n o  c o n t r o l s  are r e q u i r e d .  A f u r t h e r  a d v a n t a g e  o f  t h i s  
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Figure 7 2 .  Ground Checkout Capability 
approach i s  t h a t  i t  al lows lube system operat ion,  including cool ing of  the lube 
o i l ,  by in t eg ra t ion  wi th  a simple  ground  system.  There i s  no s ign i f i can t  we igh t  
penal ty  in  the f l ight  equipment  for  this  ground checkout  capabi l i ty .  
I. P0WF.R RANGE CAPABILITY 
I n  summary, the TPU w i l l  meet a l l  t h e  s p e c i f i c a t i o n s  f o r  which i t  w a s  
designed. It w i l l  f u r the r  p rov ide  add i t iona l  power r ange  capab i l i t y  as shown i n  
Fig. 73 . For  example,  the TPU can   ope ra t e   e i t he r   w i th   o r   w i thou t   an   a l t e rna to r  
as requi red  by the  par t icu lar  vehic le  sys tem.  The TPU as designed,  can  be 
operated with only one hydraul ic  pump a l t h o u g h  t h e  l i f e  of  the gear  box would be 
reduced because of the additional bearing load on the pinion. 
The gear  box i t s e l f  a s  des igned ,  can  ope ra t e  a t  maximum output  power r a t i n g s  
from 200 t o  400 horsepower. It  can operate  a t  r a t i n g s  above 400 horsepower 
wi th  r educed  l i f e  (due to  inc reased  bea r ing  and gear loads).  
The turbine can produce rated powers  from 200 horsepower to 800 plus horsepower. 
This  can  be  accomplished by an  admission  arc  change. Such a change i n  r a t i n g  
in  gene ra l  would have a n e g l i g i b l e  e f f e c t  on t u r b i n e  l i f e .  
The TPU using a pulse modulated power cont ro l  can  a l so  opera te  a t  extreme turn- 
down r a t i o s  and can  even  operate  with  zero  shaft  power output .  This  feature  
provides a very forgiving design.  It a l s o  makes i t  much easier to  use  the  
same TPU for  both the booster  and orb i te r  thus  provid ing  cons iderable  sav ings  
i n  development and production costs. 
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Figure  73. TPU Power  Range Capacity 
V I 1 1  PROPELLANT CONDITIONING SYSTEM 
The propel lant  condi t ioning system (PCS) must provide hydrogen and oxygen t o  
the  TPU power con t ro l  va lves  a t  cons tan t  and  equal  pressure  and temperature 
over  the  en t i re  opera t ing  envelope  of  the  Boos ter  and Orbi te r .  This  i s  
accomplished by means of  a p r e s s u r e  e q u a l i z e r  @P r e g u l a t o r )  and temperature 
e q u a l i z e r  so tha t  t he  p rope r  mix tu re  r a t io  i s  achieved  in  the  PCS and the 
power con t ro l  va lves  func t ion  on ly  to  ho ld  TPU speed. The purpose  of   this  
s e c t i o n  i s  to  d iscuss  the  per formance  and des ign  de ta i l s  o f  t he  fou r  hea t  
exchanger elements i n  t h e  PCS t h a t  p r o v i d e  f o r  thermal condi t ioning of  the 
p rope l l an t .   D i scuss ion   o f   t he   s t eady- s t a t e  and  ynamic c h a r a c t e r i s t i c s  o f  
the system and i t s  r e q u i r e d  c o n t r o l s  i s  covered i n  t h e  s e c t i o n  o n  s y s t e m  
operat ion.  A schematic   of   the  PCS i s  shown i n  Fig. 74 indicat ing  the  placement  
of the heat exchanger elements.  
The hydrogen is  condi t ioned to  i t s  des ign  in j ec to r  i n l e t  t empera tu re  o f  650 R 
by absorbing a l l  the  was te  hea t  genera ted  in  the  hydraul ic  and  lube  sys tems and 
some f r ac t ion  o f  t he  was te  hea t  ava i l ab le  in  the  tu rb ine  exhaus t .  A t  low 
hydrogen flow the major portion of the conditioning i s  provided by the  coolers  
and a t  high  f low rates the  r egene ra to r  i s  the  major  heat  source.   Temperature 
c o n t r o l  i s  accomplished by the modulating three-way valve upstream of the 
regenerator which bypasses some fract ion of  the hydrogen f low to obtain the 
des i r ed  in l e t  t empera tu re .  The oxygen i s  heated by the w a r m  hydrogen  from i t s  
minimum temperature of 300 R t o  w i t h i n  20 F of  the hydrogen temperature 
(650 2 2 0  R) . 
The major   fea tures   o f   the  PCS are summarized in   F ig .  74 . Safe   opera t ion  i s  
achieved  over  the  en t i re  opera t ing  prof i le ,  which  i s  accomplished through 
conservat ive thermal  design of  the heat  exchangers  coupled with double  w a l l  
(buf fered)   cons t ruc t ion   to   p rec lude   f lu id   mix ing   should  a leak  occur .  The 
sys t em has  ope ra t iona l  f l ex ib i l i t y  s ince  i t  can  accept  prape l lan ts  from e i t h e r  
a l iquid or  gas  source and performs essent ia l ly  independent  of  the type of  
TPU power c o n t r o l  u t i l i z e d  -- e i the r  pu l se  o r  p re s su re  modu la t ed  con t ro l .  It 
i s  a l so  adaptab le  t o  va r i a t ions  in  veh ic l e  coo l ing  r equ i r emen t s  s ince  the  
r egene ra to r  i s  s i zed  to  p rov ide  100 percent  of  the thermal  condi t ioning 
requirement a t  peak  hydrogen  flow.  Although  lube  cooling w i l l  always  be 
r equ i r ed ,  t he re  i s  some ques t ion  as to whether the APU w i l l  have to  provide 
cool ing  on  the  Booster   vehicle .  The fo l lowing   sec t ions   d i scuss   the   des ign  
and performance details  of the  hea t  exchangers ,  sequent ia l ly  as they occur 
i n  t h e  PCS, i.e., regenera tor ,   hydraul ic   cooler ,   lube   cooler ,   and   tempera ture  
equa l i ze r .  
A REGENERATOR DESIGN 
Figure 75 shows the APU r e g e n e r a t o r  i n  a cutaway  view  indicating  the  header 
and tube gheet  design,  hairpin tube bundle ,  and b a f f l i n g  r e q u i r e d  f o r  p r o p e r  
f low d i s t r ibu t ion  wi th in  the  hea t  exchange r .  The regenerator  has  been fab-  
r i c a t e d  as pa r t  of a company-sponsored program and i s  undergoing performance 
e v a l u a t i o n  a t  t h i s  time. 
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A s h e l l  and  tube  design was se l ec t ed  due  to  the  h igh  p res su re  r equ i r emen t s  
a s s o c i a t e d  w i t h  i n t e g r a t i o n  o f  t h e  f e e d  s y s t e m  w i t h  t h e  APS. This  con- 
f i g u r a t i o n  i s  r e l a t i v e l y  compac t  and  l i gh twe igh t  w i thou t  excess ive  ho t  gas  
AP,   which   would   pena l ize   the   tu rb ine   per formance .  The tube  bundle  i s  ar ranged  
i n  a h a i r p i n  c o n f i g u r a t i o n  m i n i m i z i n g  stresses due to  thermal  expansion 
commonly a s s o c i a t e d  w i t h  s t r a i g h t - t h r o u g h  d e s i g n s .  
P a r t i c u l a r  e m p h a s i s  was p l a c e d  o n  t h e  t h e r m a l  d e s i g n  t o  a s s u r e  t h a t  t h e  w a l l  
t empera tu res  r ema in  s ign i f i can t ly  above  the  condensa t ion  t empera tu re  o f  t he  
water vapor   i n   t he   exhaus t   gas .   Condensa t ion   o f   t he  water c o u l d   l e a d   t o  
f r eez ing   wh ich   wou ld   i nc rease   t u rb ine   exhaus tAT  and ,   consequen t ly ,   i ncu r   an  
SPC penal ty .  The c r i t i c a l  p o i n t s  f o r  i c i n g  i n  t h e  r e g e n e r a t o r  are t h e   p l a c e s  
a t  which  the  hydrogen  temperature  i s  c o l d e s t  ( i n l e t )  a n d  t h e  h o t  g a s  t e m p e r a t u r e  
i s  t h e   l o w e s t   ( e x i t ) .  The r e g e n e r a t o r  i s  d e s i g n e d   s u c h   t h a t   t h e   h o t   t u r b i n e  
exhaust   gas  (1400 R) f l ows  ove r  t he  hydrogen  in l e t  t ubes  p rov id ing  a h igh  
h o t  g a s  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t  m a i n t a i n i n g  t h e  t u b e  walls w e l l  above 
condensat ion.  
A d e s i g n   l a y o u t   o f   t h e   r e g e n e r a t o r  i s  shown i n   F i g .   7 6 .  The hot   gas   f lows   in  
a s ing le  pas s  th rough  the  tube  bund le ,  w i th  67 pe rcen t  o f  t he  f low pass ing  
o v e r  t h e  h y d r o g e n  i n l e t  s e c t i o n  m o v i n g  p a r a l l e l  w i t h  t h e  h y d r o g e n  f l o w  t o  t h e  
h o t  g a s  e x i t .  The hydrogen  then makes the   180-degree   t u rn  a t  t h e  ex i t  and 
f l o w s   c o u n t e r   t o   t h e  33 p e r c e n t   h o t   g a s   f l o w .  The 2 : l  h o t  g a s  f l o w  r a t i o  i s  
achieved  by u s e  o f  a n  o r i f i c e  (1 .7 i n .  d i a . )  l o c a t e d  a t  t h e  h o t  g a s  i n l e t  o n  
the   coun te r f low  s ide .  A b a f f l e  i s  l o c a t e d  a t  t h e  c e n t e r  o f  t h e  u n i t  a n d  r u n s  
t h e  e n t i r e  l e n g t h  t o  s e p a r a t e  t h e  two h o t  g a s  f l o w  s e c t i o n s .  
The hydrogen  in l e t  and  ex i t  h e a d e r s  are i s o l a t e d  f r o m  t h e  wall o f  t h e  s h e l l  
and are c losed  out  by  a compl ian t  tube  to  prevent  any  ex terna l  le%kage  which  
may o c c u r   d u e   t o   f a i l u r e   o f  a b r a z e d  j o i n t .  T h i s  r e g i o n  i s  then  connecte'd 
w i t h  a l i n e  t o  a dry  hydrogen  vent .  The r e a s o n  f o r  i s o l a t i n g  t h e  c o l d  h y d r o g e n  
heade r  f rom the  ho t  she l l  wal l  i s  to  minimize  the  thermal  stresses which 
would be induced i n  t h e  h e a d e r  w i t h  h o t  g a s  f l o w i n g  o n  o n e  s i d e  a n d  t h e  c o l d  
hydrogen  on  the  o ther .  
The h e a d e r  d e s i g n  u t i l i z e s  A286 a g e  h a r d e n a b l e  s t a i n l e s s  s t e e l  which i s  
i n s e n s i t i v e   t o   h y d r o g e n   e m b r i t t l e m e n t   r e a c t i o n .  347 s t a i n l e s s  s teel  w a s  
se lec ted  f o r  m a t e r i a l  t h r o u g h o u t  t h e  rest  o f  t h e  r e g e n e r a t o r  w i t h  a working 
stress w e l l  b e l o w  t h e  y i e l d  s t r e n g t h  o f  t h e  material t o  a v o i d  p h a s e  t r a n s -  
f o r m a t i o n  t o  m a r t e n s i t e ,  w h i c h  w o u l d  r e s u l t  i n  a severe hydrogen embri t t lement  
r e a c t i o n .  The tube   bund le   cons i s t s   o f  98 l / 4 - i n c h   t u b e s   w i t h  a 0.010-inch 
w a l l  t h i c k n e s s .  The t o t a l  l e n g t h  o f  t h e  h a i r p i n  i s  50 i n c h e s  r e s u l t i n g  i n  a 
h e a t  t r a n s f e r  area of   24 .6   square   fee t .  The co re   we igh t  i s  about  10  pounds  and 
t o t a l  w e i g h t  o f  t h e  r e g e n e r a t o r  i s  26  pounds. The tubes  are a r r a n g e d   i n   a n  
a l i g n e d  p a t t e r n  w i t h  e q u a l  t r a n s v e r s e  a n d  l o n g i t u d i n a l  s p a c i n g  o f  0 . 0 6 8  i n c h  
(Xt = XL = 1.27). The s p a c i n g  i s  ma in ta ined  wi th  the  use  of  0.062-inch  rods 
t h a t  are s t a g g e r e d  v e r t i c a l l y  a n d  h o r i z o n t a l l y  a l o n g  t h e  l e n g t h  o f  t h e  b u n d l e .  
The tubes  are f ree  t o  move a x i a l l y  so t h a t  no stresses are induced  due  to  
axial t empera tu re  g rad ien t s .  
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Figure 76. Regenerator Design 
A t u b u l a r  e n c i o s u r e  i s  used  ove r  t he  ma jo r  l eng th  o f  t he  hea t  exchange r  to  
s u p p o r t  t h e  maximum o p e r a t i n g  p r e s s u r e  d i f f e r e n t i a l  o n  t h e  s h e l l  s i d e  o f  10 
ps i .   Consequent ly ,   the   h igh   corner  stresses w h i c h  c a n  r e s u l t  i n  t h i n  wall 
box s t r u c t u r e s  a r e  e l i m i n a t e d  a n d  t h e  "box" can  be made o f  t h i n  g a g e  s t a i n l e s s  
s t ee l  s e r v i n g   o n l y  as a h o t  g a s  f l o w  b a f f l e .  R e s u l t s  o f  t h e  stress a n a l y s i s  
a r e   p r e s e n t e d   i n   T a b l e  9. The r e s u l t a n t  s tress l e v e l s  a t  t h e  4 6 0  ps ia   working  
p r e s s u r e  i n  t h e  t u b e s  a n d  h e a d e r  p r o v i d e  a c c e p t a b l e  f a c t o r s  o f  s a f e t y  on t h e  
y i e l d  s t r e s s .  
Maximum s t r e s s  i n  t h e  r e g e n e r a t o r  i s  i n  t h e  h e a d e r  f r o n t  p l a t e  a n d  exis ts  as 
l o c a l i z e d  stress a r o u n d  t h e  e d g e s  o f  t h e  h o l e s ,  r e s u l t i n g  i n  a y i e1 .d  sa fe ty  
f a c t o r   o f  1 . 3 .  This  i s  cons idered   acceptab le   based   on  c r i t e r i a  e s t a b l i s h e d   f o r  
d e s i g n  of the  main  engine  components. The o n l y   l i f e - l i m i t e d   s t r u c t u r e   i n   t h e  
r e g e n e r a t o r  i s  t h e  b o x  s e c t i o n  a t  t h e  h o t  g a s  i n l e t  s i n c e  i t  must  accommodate 
t h e  A P r e s u l t i n g  d u r i n g  e a c h  ''on" p u l s e  i f  a p u l s e  power c o n t r o l  i s  u t i l i z e d .  
No s i g n i f i c a n t  p r e s s u r e  o s c i l l a t i o n  o c c u r s  on t h e  h y d r o g e n  s i d e  s i n c e  t h e  
a t t enua t ion  t anks  de -coup le  the  combus to r  p re s su re  pu l ses  f rom the  f eed  sys t em.  
The maximum stress of  1 4 , 2 0 0  p s i  r e s u l t s  i n  a l i f e  o f  10' cyc les  or  about  1100 
o r b i t e r  f l i g h t s  a n d  800 b o o s t e r  f l i g h t s ,  w h i c h  e x c e e d s  t h e  1 0 0 0 - l i f e  
requirement  by about  2: 1. 
The per formance   of   the   regenera tor  a t  i t s  d e s i g n  p o i n t  i s  shown i n  F i g .  7 7 .  
The d e s i g n  p o i n t  was s e l e c t e d  a t  t h e  p e a k  power sea level condi t ion  where  
t h e  maximum t h e r m a l   c o n d i t i o n i n g   h e a t   l o a d  i s  r e q u i r e d .  The r e g e n e r a t o r  was 
s i z e d  t o  do t h e  e n t i r e  c o n d i t i o n i n g  j o b  s o  t h a t  s y s t e m  d e s i g n  p o i n t  o p e r a t i o n  
i s  o b t a i n e d   i n d e p e n d e n t   o f   v e h i c l e   h y d r a u l i c   c o o l i n g  demand. A t o t a l  o f  
10 percent   hydrogen  bypass  f l o w  i s  used   t o   p rov ide   marg in   fo r   con t ro l .  The 
h y d r o g e n  i n l e t  t e m p e r a t u r e  c o n d i t i o n  i s  75 R a n d  h o t  g a s  i n l e t  i s  1400 R. 
The t o t a l  h e a t  t r a n s f e r r e d  i s  276 Btu / sec  wi th  6 7  p e r c e n t  i n  t h e  p a r a l l e l  f l o w  
s e c t i o n  a n d  33  p e r c e n t  i n  t h e  c o u n t e r f l o w  s e c t i o n .  The h y d r o g e n  o u t l e t  
t empera ture  i s  7 4 0  R and ,  when mixed  wi th  the  10 -pe rcen t  bypass  f low,  r e su l t s  
i n  671 R as t h e   i n l e t   t e m p e r a t u r e   i n t o   t h e   e q u a l i z e r .  The h o t   g a s  A P  i s  
2 .3  p s i ,  r e s u l t i n g  i n  a 5 p e r c e n t  SPC p e n a l t y  a t  the peak power sea level  
c o n d i t i o n .   F o r   p u l s e   p o w e r   c o n t r o l ,   t h i s   d e g r a d a t i o n   o c c u r s  a t  a l l  power levels 
d u r i n g  s e a  l e v e l  o p e r a t i o n  s i n c e  f l o w  i s  cons t an t  (peak  f low)  wi th  pu l se  
dura t ion   and   f requency   vary ing   to  meet the   l oad  demand. The we igh t   pena l ty  
f o r  t h e  o r b i t e r  due t o  t h e  r e g e n e r a t o r  A P  i s  2.4  pounds  of  propel lan t  wi th  
4.8 pounds  on  the  booster .  The p e n a l t y  a t  10 ps i a  b a c k  p r e s s u r e  ( b o o s t e r  c r u i s e )  
i s  2 p e r c e n t ,  r e s u l t i n g  i n  3 . 6  pounds. The p e n a l t y  o n  t h e  o r b i t e r  i s  n e g l i g i b l e  
s i n c e  t h e  m a j o r  p o r t i o n  o f  o p e r a t i o n  i s  a t  p r e s s u r e s  s i g n i f i c a n t l y  less t h a n  
10 p s i a .  The o v e r a l l  e f f e c t i v e n e s s  o f  t h e  h e a t  e x c h a n g e r  i s  50 pe rcen t   and   t he  
weight  i s  26 pounds .   Other   de ta i l s   such  as area d e n s i t y ,   c o r e   d e n s i t y ,   a n d  
f lows are i n d i c a t e d  o n  t h e  f i g u r e .  
The r e s u l t s  o f  a d e t a i l e d  f l o w  a n a l y s i s  a n d  t h e r m a l  h e a t  t r a n s f e r  a n a l y s i s  t o  
d e t e r m i n e  t h e  t e m p e r a t u r e  d i s t r i b u t i o n  a c r o s s  t h e  t u b e s  a n d  t h e  e f f e c t s  o f  
l o c a l  ; r a r i a t i o n  i n  t h e  g a s  s i d e  h e a t  t r a n s f e r  c o e f f i c i e n t s  are shown i n  
Fig.  78 . T h e s e   r e s u l t s  were obta ined   by  a computer   program  used  extensively 
a t  Rocketdyne i n  t h e  d e s i g n  o f  r e g e n e r a t i v e l y  c o o l e d  t h r u s t  c h a m b e r s  a n d  
a n a l y s i s   o f   t u b e   a n d   g a s   s i d e   h e a t   t r a n s f e r .  The nomina l   ope ra t ing   cond i t ion  
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P 1 
shorin cor responds  to  a gearbox output of 33 horsepower a t  a 10-psia  back pressure,  
(10,000 f e e t  a l t i t u d e )  f o r  a dura t ion   of  5700 seconds.  A t  t h i s   o p e r a t i n g   c o n d i t i o n ,  
due t o  h y d r u a l i c  and lube cool ing,  the majori ty  of  the hydrogen (82 percent)  i s  by- 
passed  around  the  regenerator.   Only  18  percent  of  the  hydrogen  f lows  through  the 
regenera tor  tubes  s o  t h a t  t h e r e  i s  a h igh  r a t io  o f  ho t  gas  f low to  the  hydrogen  f low.  
The hea t  add i t ion  i s  10 .4  B tu / sec ,  r e su l t i ng  in  a mixed hydrogen temperature of 288 R .  
The r e s u l t s  o f  t h e  wall t e m p e r a t u r e  d i s t r i b u t i o n  a n a l y s i s  are shown with the minimum 
of  950 R occu r r ing  a t  t h e  t i g h t e s t  bend (ou t s ide  ha i rp in )  a t  the hydrogen i n l e t .  
Obviously,   there i s  no freezing  problem a t  t h i s  nominal   operat ing  condi t ion.  Even i f  
t h e  h o t  g a s  h e a t  t r a n s f e r  c o e f f i c i e n t  p r e d i c t i o n  was high by  100 percent  and the hy-  
drogen s ide low by 100 p e r c e n t  f o r  t h e  950 R wa l l  t empera tu re ,  t he  r e su l t an t  wall 
t empera tu re  fo r  t he  real c o e f f i c i e n t s  i s  600 R o r  110 F above freezing.  
The t e m p e r a t u r e  d i s t r i b u t i o n  c o r r e s p o n d i n g  t o  t h e  most ex t reme opera t ing  condi t ion  
f o r  t h e  r e g e n e r a t o r  i s  presented   in   F ig .   79 .   This  is t h e  APU peak power s e a  l e v e l  
cond i t ion  co r re spond ing  to  the  o rb i t e r  maximum power p o i n t .  The du ra t ion  o f  t he  
opera t ion  is  from 2 t o  20 seconds.  Assuming t h a t  90  percent  of  the  flow is  going 
through the tube bundle  (no hydraul ic  or  lube cool ing) ,  a s t e a d y - s t a t e  minimum tem- 
p e r a t u r e  is ind ica t ed  by t h i s  a n a l y s i s  o f  580 R .  Dynamic a n a l y s i s  i n d i c a t e s  t h a t  
i t  takes approximately 15 seconds to reach a s t eady- s t a t e  ope ra t ing  cond i t ion  a t  
580 R after  changing  from  idle  to  peak  power.   While 580 R i s  c l o s e  t o  t h e  conden- 
sa t ion  t empera tu re ,  t h i s  r ema ins  a safe opera t ing  condi t ion  even  should  the  dura-  
t ion be longer  than the 15-  o r  20-second per iod s ince there  is s t i l l  a 90 F margin 
over  f reez ing .  
Testing conducted under a Rocketdyne-funded experimental program* have confirmed 
t h e  s a t i s f a c t o r y  o p e r a t i o n  o f  a hydrogen-hot gas (H -H 0) heat exchanger under sim- 
i l a r  adverse  condi t ions .  Even with 100 percent   con8ensat ion  with  an  exhaust   gas  
ex i t  t empera tu re  (525 R )  below the  condensa t ion  limit (570 R) , t h e r e  was no  ev- 
idence  of  ic ing  (no hot  gas  AP i nc rease ) .  
2 
The f ina l  compl i ca t ion  r ega rd ing  the  poss ib l e  fo rma t ion  o f  i ce  in  the  r egene ra to r  i s  
t h a t  due t o  u s e  of t h e  p u l s e  power con t ro l .  In  F ig .  80 t h e  c o n d i t i o n s  r e s u l t i n g  
from a short  on-time hot gas pulse and a long off  t ime with hydrogen f lowing through 
the  r egene ra to r  t ubes  i s  shown.  The s p e c i f i c  c o n d i t i o n s  a r e  a s tep-change   in  power 
from a 33 horsepower idle  condi t ion up t o  a 400 horsepower peak condition with the 
hot gas flow (as shown in  the  second  f igu re  f rom the  top )  o f f  fo r  a period of 920 
mi l l i seconds  and on fo r   abou t  100   mi l l i s econds   a t   t he  3 3  horsepower  condition.  In 
s t e p p i n g  t o  400 horsepower,   the  hot  gas  f low i s  on 95 pe rcen t  o f  t he  t ime .  Resu l t s  
o f  t he  t r ans i en t  ana lys i s  suppor t ed  th rough  the  ana log  tests a re  p re sen ted  in  the  
lower  f igu re ,  i nd ica t ing  on ly  a 10 F d r o p  i n  wall t empera tu re  wi th in  th i s  920- 
mil l i s econd  id l e  power o f f  p e r i o d .  When the  power s h i f t  o c c u r s ,  15  seconds  are  re- 
q u i r e d  t o  r e a c h  t h e  minimum s t eady- s t a t e  t empera tu re  (580 R) and a 6 F d r o p  i n  t h e  
tube  wall temperature   occurs   f rom  this   nominal   value.  The conclusions from t h i s  
a n a l y s i s  are tha t  adequate  margin  ex is t s  above  the  f reez ing  poin t  of  the  water  and  
there  should  be  no problem with pulse  control  in  terms o f  r egene ra to r  ope ra t ion .  
*Space Shuttle Cryogenic Propellant Conditioning Evaluation Program. 
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In  order  to  provide  more margin against  condensat ion,  a hydrogen-hydrogen p r e -  
heater  could be used ups t ream o f  t he  r egene ra to r  as shown in  F ig .  81 . The 
p rehea te r  would func t ion  to  hea t  the  incoming 75 R hydrogen to a h ighe r  
tempera ture ,  thus  ra i s ing  the  w a l l  temperature a t  t h e  i n l e t  s e c t i o n  o f  t h e  
bundle   and   the   ho t   gas   ex i t   sec t ion .  To provide  the same thermal  conditioning 
(276  Btu/sec)  the regenerator  must  be increased in  s ize  by about 60 pe rcen t ,  
i n c u r r i n g  a 15-pound weight penalty when the  small pre-heater (5 pounds) i s  
added to   the  system. The corresponding  temperature   prof i les   for   the  system 
with  and  without  the  pre-heater are shown in  the  f igure .  This  weight  pena l ty  
must be t raded %or increased margin against  f reezing and r e p r e s e n t s  a backup 
scheme should problems be encountered in  the development  of  the basel ine concept  
A thermal shock analysis was performed on the  regenera tor  a t  t h e  t u b e  i n l e t  
l o c a t i o n  i n  t h e  f r o n t  p l a t e  o f  t h e  h y d r o g e n  i n l e t  h e a d e r .  A hypo the t i ca l  con- 
d i t i o n  was analyzed which w i l l  never  occur  during actual  operat ion;  however ,  
t h e  r e s u l t i n g  s t r a i n  r a n g e  o f  0.0011 i n . / i n  g i v e s  a low cycle  thermal  fa t igue 
l i f e  i n  e x c e s s  o f  100,000 c y c l e s  ( f o r  20 shocks p e r  mission - 5000 missions) .  
Consequen t ly ,  s ince  the  hypo the t i ca l  ca se  does  no t  r e su l t  i n  a l i f e - l i m i t i n g  
s t r a in  r ange ,  t he  more r e a l i s t i c  o p e r a t i n g  t r a n s i e n t  e f f e c t  was not analyzed. 
Referr ing to  Fig.  82 , i t  i s  assumed t h a t  a l l  of the hydrogen i s  being bypassed 
a round the  regenera tor  and  tha t  the  en t i re  regenera tor  i s  a t  1400 R ,  the  hot  
gas  in le t  t empera ture .  This i s  a cond i t ion  which  would occur  du r ing  o rb i t e r  
r e - e n t r y  w i t h  f u l l  h y d r a u l i c  and lube  cooling. I t  i s  then assumed t h a t  a 
step-change to 400 horsepower occurs, the 650 R hydrogen  in j ec to r  i n l e t  
temperature drops and 100 percent of the hydrogen flow at 75 R i s  "stepped" 
i n t o  t h e  1400 R tubes.  The maximum hydrogen  hea t  t ransfer  coef f ic ien t  occurs  
a t  the tube inlet  s ince the thermal  boundary layer  i s  not  ful ly  developed.  
This  value w a s  c a l c u l a t e d  as 970 B t u / h r  f t 2  F. U t i l i z i n g  a Schmidt  graphical 
ana lys i s  technique ,  the  m a x i m u m  rad ia l  t empera ture  grad ien t  of  165  F occurs 
a f t e r  50 mil l iseconds.  The s t r a i n  r a n g e  was then  ca l cu la t ed  and f a t i g u e  l i f e  
estimated based upon exper imenta l  da ta  for  347 s t a i n l e s s  s t e e l .  
Another  potent ia l  problem area associated with shel l  and tube heat  exchangers  
i s  tha t   o f   tube   v ibra t ion  due to   f low  d is turbances .   I f  a tube  resonant 
frequency i s  exc i t ed  by ho t  gas  f low,  h igh  cyc le  s t ruc tu ra l  f a t igue  f a i lu re  
could  occur  under  severe  loading  conditions.   Testing was conducted i n  s u p p o r t  
of  another  program to  eva lua te  v ibra t ion  of  in jec tor  tubes  when subjec ted  to  
crossflow of high  velocity  gas.   Vortex  shedding  frequency,  Strouhal number,  and 
l i f t  and  drag  coef f ic ien ts  were determined for a var ie ty  of  tube designs and 
spac ings .   These   resu l t s   were   u t i l i zed   to   p red ic t   the   vor tex   shedding   f requency  
f o r  t h e  1000 f t / s e c  h o t  g a s  v e l o c i t y  a c r o s s  t h e  h y d r o g e n  i n l e t  t u b e  bank. Based 
upon a Strouhal  character is t ic  for  a l igned tube banks and ful ly  developed vortex 
s h e e t s ,  a shedding  frequency  of 20 ,200  cps was ca l cu la t ed   (F ig .  83 ). This is  
f a r  above  the  s t ructural   resonant   f requency  of   the  tube  bank ( 1 4 4  cps) .  The 
vibrat ion frequency due to  puls ing operat ing ranges from 0.43  t o  2.9 cps. 
Consequently, there should be no exc i t a t ion  o f  s t ruc tu ra l  r e sonances  and high 
cyc le  fa t igue  should  be  no problem. 
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B .  HYDRAULIC COOLER DESIGN 
The exce l l en t  coo l ing  capab i l i t y  o f  hydrogen  due t o  i t s  h igh  hea t  capac i ty ,  
low tempera ture ,   and   favorable   t ranspor t   p roper t ies  i s  w e l l  known. The hydrogen 
i s  u t i l i z e d  i n  t h e  b a s e l i n e  APU as's hea t  s ink  for  bo th  the  hydraul ic  and  
lube  system  heat  loads.  When hydrogen  cooling  flow is  l i m i t e d  t o  t h a t  r e q u i r e d  
on ly  fo r  ope ra t ing  the  TPU, the hydrogen inlet  temperature and maximum o i l /  
hydraul ic  f luid temperature  uniquely determines the m a x i m u m  heat load which can 
be  accommodated. 
This i s  s t r i c t l y  a thermodynamic l i m i t  as demonstrated  in   Fig.  84 . The cool ing 
c a p a b i l i t y  i s  independent of the number of  hydrogen passes  . (direct-s ingle  
pass, pre-hea t ,  mul t ip le  pass )  wi th  mul t ip le  passes increasing the hydrogen 
in le t  t empera ture  to  provide  extra m a r g i n  a g a i n s t  l o c a l l y  f r e e z i n g  t h e  o i l .  
I f  fu r the r  i nc reases  in  hydrogen  in l e t  t empera tu re  are requi red ,  an  augmented 
flow method may b e  u t i l i z e d  whereby a blower or  j e t  pump r e c i r c u l a t e s  some 
por t ion  of  the  main  flow  back  to  the  hydrogen  inlet. The lower  schematic i n  
Fig. 84 shows r e s u l t s  f o r  50 percent flow augmentation using 1200 R hydrogen 
which r a i se s  the  in l e t  t empera tu re  to  450 R,  o r  62 F h igher  than  the  dua l  pass  
approach. The r e s u l t a n t   c o o l i n g  i s  reduced by 40 percent .  I t  i s  obvious   tha t  
carefu l  cooler  des ign  to  handle  low temperature hydrogen i s  necessary to  
ob ta in  the  m a x i m u m  coo l ing  bene f i t s .  
The base l ine  sys tem hydraul ic  cooler  des ign  i s  presented with cut-away views 
in   F ig .  85 . (The hydrau l i c   coo le r  and l u b r i c a t i n g  o i l  c o o l e r  a r e  v e r y  
similar i n  d e s i g n ) .  It i s  a s i n g l e  pass counterf low  tubular   type  design  with 
f i n s  on both  the  hydraulic  side  and  hydrogen  side.  The h y d r a u l i c  s i d e  f i n n i n g  
i s  denser than the hydrogen side to maintain the higher w a l l  temperatures needed 
to  avoid  prohib i t ive  pressure  drop  due to  the  h igh  shea r  s t r e s s  wh ich  would 
r e s u l t  from an  excess ive ly  co ld  wall .  The primary  mechanical  design  feature 
of  the  heat  exchanger i s  the  buf fered  reg ion  be tween the  f lu ids .  The b u f f e r  
region i s  formed by a double w a l l  from which any leakage, i f  i t  did develop 
through a c rack  in  the  w a l l ,  can be vented or contained without contaminating 
the  opposi te   s ide.   Furthermore,   there  are no mechanical   or   weld  joints   across  
the  hea t  t r ans fe r  su r f aces  g rea t ly  r educ ing  the  p robab i l i t y  o f  w a l l  crack 
f a i l u r e s ,  which  would a l l o w  t h e  f l u i d s  t o  mix i f  t h e r e  were no b u f f e r  zone. 
The de ta i led  des ign  of  the  hydraul ic  cooler  (aga in  a l so  representa t ive  of  
the  lube oil coo le r )  i s  shown in  Fig.   86 . The overal l   d imensions  of   the  cooler  
a r e  19 inches  long  and 4 inches in diameter.  There are 101  f in s  on the  hydrogen 
i n l e t  s i d e  f o r  a n  i n i t i a l  l e n g t h  o f  a p p r o x i m a t e l y  8 inches .   Th i s   f i n   dens i ty  
r e d u c e s  t h e  h e a t  t r a n s f e r  c o e f f i c i e n t  i n  t h e  a r e a  where the hydrogen tempera- 
t u r e  i s  low (75 R ) ,  thus  providing a w a l l  temperature on t h e  h y d r a u l i c  s i d e  
which i s  w e l l  above  the  pour  point  of  the MIL-H-5606. The hydrogen s ide f ins(202)  
are  c losely spaced approximately 0.020 inch apart  and are 0.020 inch  th ick .  
Finning i s  increased  to  202 f i n s  on t h e  h y d r o g e n  s i d e  a f t e r  t h e  i n i t i a l  8 - i n c h  
length  sec t ion .  
The design of  the cooler  was e s t ab l i shed  wi th  a d i g i t a l  computer program t h a t  
performed analysis to determine w a l l  t empera tu re  d i s t r ibu t ions  bo th  ax ia l ly  
and   rad ia l ly .  The ax ia l   t empera tu re   p ro f i l e  from  such  analysis and o p e r a t i o n a l  
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Figure  86. Hydraulic/Lube  Cooler  Design 
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condi t ions  a t  the  cooler  des ign  poin t  i s  shown i n  Fig. 87 . This  des ign  poin t  
co r re sponds  to  the  o rb i t e r  r e -en t ry  50 horsepower condition a t  z e r o  p s i a  where 
the  maximum heat  load occurs .  This  low  power po in t  r equ i r e s  a minimum hydrogen 
flow, which, when coupled with the maximum h y d r a u l i c  h e a t  l o a d ,  r e s u l t s  i n  a 
maximum e f f e c t i v e n e s s  of  almost 95 pe rcen t  fo r  t he  coo le r .  This hea t  l oad  i s  
45 horsepower with a t o t a l  h y d r a u l i c  flow of 6 gpm, represent ing  case  dra in  
f low for  two pumps. The hydrau l i c  p re s su re  i s  nominally 100 ps i ,  a l t hough  the  
cooler  w a s  designed to  withstand 500 p s i  i n  t h e  h y d r a u l i c  s y s t e m  r e s e r v o i r .  
The hydrau l i c  s ide  f low AP i s  10 p s i .  Hydrogen s i d e  p r e s s u r e  i s  nominally 
460 p s i  and the  A P  i s  less than 0.1 p s i .  Weight  of  the  cooler i s  10 pounds. 
The f lu id  t empera tu rep ro f i l e s  are i n d i c a t e d  i n  t h e  f i g u r e s  w i t h  t h e  mlnimum w a l l  
t empera ture  on  the  hydraul ic  s ide  of  the  cooler  a t  510 R and occurring a t  t h e  
137 R hydrogen i n l e t  s e c t i o n .  
A computer  ana lys i s  de te rmined  the  rad ia l  t empera ture  d is t r ibu t ion  across  the  
f i n s  and b u f f e r  w a l l  r eg ion  o f  t he  hydrau l i c  coo le r  fo r  t he  lowes t  poss ib l e  
hydrogen in l e t  t empera tu re  to  ensu re  tha t  t he re  would be no congealing of the 
o i l  on the   hydrau l i c   s ide .  The r e s u l t s  are p resen ted   i n   F ig .  88 . The opera t ing  
condi t ions correspond to  the 50 horsepower /zero  ps ia  condi t ions  of  orb i te r  
re -en t ry  wi th  lube  cool ing .  The lowest  hydrogen temperature  into the hydraul ic  
c o o l e r  i s  63 R ,  represent ing   the   s teady-s ta te   cool ing   condi t ion .  The lowest 
hydrau l i c  s ide  w a l l  temperature a t  these condi t ions based on the  compliter 
ana lys i s  i s  475 R. The bulk   hydraul ic   f lu id   t empera ture  i s  608 R. This i s  the 
most severe condition from the standpoint of low hydrogen temperature for 
hydraul ic   cool ing .  The s teady-s ta te   hydrogen   in le t   condi t ion   wi thout   lube  
cool ing i s  137 R and   the   t rans ien t   cool ing   condi t ion  i s  125 R. Consequently, 
s a fe  coo l ing  ex i s t s  unde r  a l l  hydrogen in l e t  t empera tu re  cond i t ions .  
I f  the  hydraul ic  cool ing  load  should  be  s igni f icant ly  increased  to  the  poin t  
where considerably more h e a t  must be removed out  of  the case drain f low,  the 
wal l  temperature  could be reduced s ignif icant ly  a long with the hydraul ic  s ide 
wal l  temperature and a h igher  A P  would r e s u l t .  A s o l u t i o n  t o  t h i s  p o t e n t i a l  
problem i s  t o  u t i l i z e  a double pass hydrogen configuration as presented  in  F ig .  
89 . Essent ia l ly ,   an  addi t ional   hydrogen  f low  passage i s  added t o  t h e  p r e s e n t  
design such that the hydrogen flows from the inlet  end of the cooler over 
t h e  e n t i r e  l e n g t h  and then doubles back upon i t s e l f  so t h a t  t h e  h y d r a u l i c  
f l u i d  w i l l  see an  increased  hydrogen  temperature.  The advantage  of  counter 
f low hea t  t r ans fe r  i s  s t i l l  main ta ined  in  th i s  des ign  and  the  hydraul ic  f lu id  
i s  e s s e n t i a l l y  i s o l a t e d  from the excessively cold hydrogen gas by the inter-  
mediate  layer  of warmed hydrogen. The temperature  prof i le  f low path is  
indica ted  in  the  p lo t  undernea th  the  f low schemat ic .  With the  hydrogen 
en te r ing  a t  137 R ( r e -en t ry  ope ra t ing  cond i t ion )  i t  i s  hea ted  to  about  
450 R i n  t h e  f i r s t  p a s s a g e  and then i s  cond i t ioned  to  i t s  f ina l  t empera tu re  
of 671 in  the  counter f low passage .  
While the  same amount of  hea t  i s  t r ans fe r r ed  wi th  th i s  des ign  the re  i s  
a penal ty  incurred s ince length must  be increased due to  the higher  wall 
temperature  over  the reference design.  An addi t iona l  weight  pena ly  a l so  occurs  
in  the inner  passages which must  a lso be f inned with 202 f i n s  as i n  t h e  
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reference  design.  The to t a l   pena l ty   i ncu r red  i s  11 pounds. The length  
inc rease  i s  estimated to be from 15 up t o  25 inches.  
Results  of  the  hydraulic  cooler stress a n s l y s i s  are presented  in  Table  10 . A l l  
s t r e s s  l e v e l s  a r e  below the endurance l i m i t  so t h a t  t h e  c o o l e r  i s  not  a l i f e  
l imited  element.   Stress  due  to axial thermal   gradients  are low wi th  the  outer  
tube in  compression (6150 p s i )  and the  inne r  t ube  in  t ens ion  (2360 p s i ) ,  so 
t h a t  a bel lows expansion joint  i s  no t  needed.  Fin stress i s  a l s o  v e r y  low wi th  
the maximum occurr ing  a t  the  t i p  o f  f i n  on the hydrogen side (5200 p s i  t ens ion) .  
The cooler  i s  of a forg iv ing  des ign  s ince  i t  can easi ly  accommodate a 1000 
p s i  H2 pressure  and up t o  500 p s i a  on the  hydrau l i c  s ide  wi thou t  y i e ld ing  the  
6061-T6  aluminum. 
C. LUBE OIL  COOLER 
The lube  o i l  cooler  preformance  a t  i t s  des ign  poin t  (boos te r  c ru ise)  of  33 
horsepower  and 10 p s i a  i s  summarized i n  Fig. 90. This i s  where  the maximum 
heat of 13.4 Btu/sec occurs with the minimum hydrogen flow, thus maximum 
ef fec t iveness   o f   the   cooler  i s  requi red  a t  t h i s   cond i t ion .  The axial  temperature 
p r o f i l e  i s  indicated along with the operat ing condi t ions and design character-  
i s t i c s .  The  minimum w a l l  t empera tu re   fo r   t h i s   coo le r  i s  651 R. A A P  of 
5 p s i  e x i s t s  on t h e  o i l  s i d e  f o r  a flow  of  approximately  0.6  lbs/sec. It should 
be  no ted  tha t  t he  o i l  hea t  l oad  o f  19 horsepower i s  approximately 3 times t h a t  
requi red  to  be  accommodated on  the  orb i te r ,  which has a much sma l l e r  a l t e rna -  
t o r .  
The counter  f low s ingle  p a s s  tubular  des ign  i s  e s s e n t i a l l y  i d e n t i c a l  t o  
tha t  p rev ious ly  desc r ibed  fo r  t he  base l ine  hydrau l i c  coo le r  w i th  the  excep t ion  
tha t  the  hydrogen  f in  dens i ty  i s  cons tan t  over  the  en t i re  hydrogen  pass ,  
s ince  the  minimum temperature  inlet  requirement  i s  not  as severe a s  i n  t h e  
hydraul ic  cooler .  
This heat exchanger design i s  a l so  bu f fe red  t o  p rov ide  p ro tec t ion  aga ins t  
hydrogen leakage into the lubricat ion system in the event  of  a w a l l  f a i l u r e .  
It i s  a l so  cons t ruc ted  wi th  no mechanical  or  weld joints  within the heat  
t r a n s f e r  s u r f a c e  s e p a r a t i n g  t h e  f l u i d s .  The weight   of   this   cooler  i s  approxi- 
mately 8 pounds wi th  an  e f fec t iveness  of  91  percent .  
D.  HYDROGEN  OXYGEN TEMPERATURE EQUALIZER 
A cutaway v i e w  of  the  hydrogen/oxygen  equalizer i s  shown i n  F i g .  91. It  i s  a 
h i g h  e f f e c t i v e n e s s  s i n g l e  pass tubular  counterf low heat  exchanger  that  
equal izes  temperature  of the  oxygen wi th in  2 2 0  F of the hydrogen temperature. 
The hea t  exchanger  provides  fas t  response  to  meet changes i n  i n l e t  t e m p e r a t u r e  
thus assuring maintenance of  mixture  ra t io  within acceptable  limits by 
sa t i s f ac to ry  t empera tu re  equa l i za t ion  a t  t h e  e x i t .  T h i s  f a s t  r e s p o n s e  i s  
obtained by u t i l i za t ion  of  modera te  AP on both the hydrogen and oxygen side, 
r e s u l t i n g  i n  h i g h  h e a t  t r a n s f e r  c o e f f i c i e n t s  c o u p l e d  w i t h  a l igh tweight  w a l l  
to   g ive   exce l len t   accomodat ion   to   t empera ture   t rans ien ts .   Safe   opera t ion  i s  
assured through use of a buffered design (double  wal l )  with no j o i n t s  w i t h i n  
t h e  h e a t  t r a n s f e r  s u r f a c e  s e p a r a t i n g  t h e  two prope l l an t s .  
lL.9 
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R a d i a l  S t r e s s  
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wl 
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TMLE 10 
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3 1000  31000  31000 
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0 Maximum P r e s s u r e  
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Figure 90. Lube Cooler Performance 
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The heat  exchanger  i s  a f o r g i v i n g  d e s i g n  i n  t h a t  i t  c a n  e a s i l y  accommodate 
1,000 p s i  maximum system pressure should the upstream hydrogen pressure regulator  
f a i l .  It can  a l so  accommodate 1,000 p s i  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  e i t h e r  
s ide  wi thout  co l laps ing  the  tubes .  
Deta i l s  o f  the  equal izer  des ign  are p resen ted  in  F ig .  92 . The weight  of  the 
heat   exchanger  i s  less than 1 pound. Construct ion material i s  6061-T6 
aluminum throughout, which can be obtained as a pos t  brazed  stress condi t ion.  
The b r a z i n g  a l l b y  t h a t  i s  used i n  f a b r i c a t i o n  i s  an Alcoa 718 designat ion.  
The ax ia l   t empera tu re   p ro f i l e  i s  p resen ted   i n   F ig .  93 a long   wi th   the   opera t ing  
condi t ions  a t  the equal izer  design point ,  which i s  the  same as the  r egene ra to r  
des ign  poin t  (400 horsepower a t  sea level). This i s  the  m a x i m u m  h e a t  t r a n s f e r  
cond i t ion  fo r  t he  equa l i ze r  occur r ing  wi th  an  oxygen AI? of  23 p s i  and a hydrogen 
A P of  11 p s i .  The oxygen ou t l e t  t empera tu re  o f  630 R i s  w i t h i n  20 degrees 
of   the  hydrogenout le t   temperature   of  650 R. The e f f e c t i v e n e s s  o f  t h e  e q u a l i z e r  
a t  th i s  opea t ing  cond i t ion  i s  89 percent .  A t  the low power o r  i d l e  c o n d i t i o n ,  
the heat  exchanger  becomes more e f f ec t ive  r each ing  a level of 99 percent ,  wi th  
the oxygen temperature  exceeding the hydrogen out le t  temperature  by about  
20 degrees.  
Resul t s  of  the  equal izer  stress a n a l y s i s  are presented  inTable  11 . A l l  
stresses are below the endurance l i m i t  so t h a t  t h e r e  i s  no l i f e  l i m i t a t i o n  t o  t h e  
element. The m a x i m u m  stress of  9880 p s i  o c c u r s  i n  t h e  oxygen header  resul t ing 
i n  a s a f e t y  f a c t o r  o n  y i e l d  o f  3.27. No expans ion  jo in t  i s  needed i n  t h e  
outer  tube  s ince  the  middle  wall i s  only about  30 F coo le r  t han  the  ou te r  
tube  due  to  the  h igh  hydrogen  s ide  hea t  t ransfer  coef f ic ien t .  The e q u a l i z e r  
i s  a forg iv ing  des ign  s ince  i t  can support  a s i d e  t o  s i d e  p r e s s u r e  d i f f e r e n t i a l  
o f  1000 psia  without  exceeding the 32000 p s i   y i e l d  stress. 
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Figure 93. H2/02 Equalizer Performance 
H2/02 EQUALIZER STRESS  ANALYSIS 
MATERIAL: 0 6061 ALUMINUM THROUGHOUT 0 PRESSURE 1000 PSLA'mC 
0 T 6  CONDITION AITER BRAZE 0 ENDURANCE LIMIT 11700 PSIA- 
O U T E R  TUBE MIDDLE TUBE o2 HEADER 
WORKING PRESSW 460 PSIA  460  PSIA 
RADIAL STRESS 
u1 
P 
o\ AXIAL STRESS* 
5450 PSI (T) 0 1630 PSI TENSION 
8250 PSI BEWING 
3110 PSI (C) 2330 (T) - 
COMBINED STRESS 6250 PSI 2330  9880 
YIELD  STRESS (671R) 32000 PSI 32000 PSI 32000 
YIELD SAFETY FACTOR 5.1 13.7 3.27 
muter-inner wall AT = 3 0 ~ .  
*If f a i l u r e  of upstream regulator P.-) 1000 p s i  
middle tube collapsing pressure P c 5050 p s i  - no problem 
minimum y ie ld  sa fe ty  f ac to r  = 1.5 (02 header) @ 1000 psi .  
*All s t r e s ses  < endurance limit; l i f e  > 10  cycles. 7 
H2 HEADER 
1070 PSI 
3110 PSI 
4180 PSI 
32000 
7.7 
IX CONTROL COMPONENTS 
Primary control elements are the elements associated w i t h  the control of the major 
funct ion of  the Space Shut t le  APlJ System, namely, flow control of hydrogen and 
oxygen a t  the proper  mixture  ra t io  to  the APU turbines .  The f ive  va lves  l i s t ed  in  
Table 1 2  control  those funct ions l is ted beside each component. Each of  the two GH2 
bypass valves perform single functions: that  of  regenerator temperature control,  
and hydraulic cooler temperature control. The gaseous  hydrogen pressure regulator  
controls  the hydrogen supply pressure. The oxygen pressure i s  also regulated as a 
function of the hydrogen supply  pressure  in  tha t  the  d i f fe ren t ia l  regula tor  uses  the  
hydrogen pressure as a reference.  And, the power control valve is the  f ina l  cont ro l  
element for  control l ing turbine power. The power control  valve accomplishes t h i s  by 
pulse modulation of the hydrogen and oxygen flow. The system also contains a 
va r i e ty  o f  auxi l iary control  e lements  l is ted in  Table  13 with their  associated func-  
t ions .  The auxiliary control elements provide means f o r  s t a r t i n g  and s topping the 
system under normal and emergency circumstances and a l so  cons is t  o f  a number of 
sensors which are not active control devices but monitoring devices for limit 
control.  
In  select ing component configurations for each of the primary and aux i l i a ry  com- 
ponents, a design philosophy shown i n  Table 14 was established consistent with the 
requirements of the Space Shuttle APU System. The basis of this philosophy is t o  
avoid expensive and long-term development programs associated with any component 
and emphasizes s ta te-of- the-ar t ,  off- the-shelf  configurat ions.  Any  new design that  
was required for  the APU system used design elements taken from qualified, proven 
and rel iable  products .  
A. HYDROGEN PRESSURE REGULATOR 
Table 15 shows a l ist  of  the major requirements for the hydrogen pressure regulator. 
Signif icant  among these requirements  are  the var ia t ion in  supply pressure,  495 t o  
1,000 psig,  the regulated pressure and the required accuracy, 460 210 psig,  and the  
flow requirement of .125 lb-sec under nominal conditions. These requirements size 
the regulator  and determine the complexity of the component t h a t  is requi red  to  meet 
the regulation accuracy requirement. The r e l i e f  func t ion  of l imiting the system 
pressure  to  485 + l o  psig is achieved with an integral  exhaust feature built  into 
the regulator rather than requiring an additional complete,relief valve assembly. 
The required accuracy and flow f o r  t h e  gaseous hydrogen regulator  is  very  c lose  to  
the requirements for the 5-2 pneumatic control assembly regulator. The 5-2 pneu- 
matic control assembly is shown in  F ig .  94 i n  i t s  production configuration as used 
on the 5 -2  engines for  the  Sa turn  appl ica t ion .  
Figure 95 shows the 5 - 2  control  assembly i n  schematic form with the regulation por- 
t ion out l ined.  These same lements will be used i n  t h e  gaseous hydrogen regula tor  
for  the  Space Shut t le  APU System. 
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TABLE 12  
SS/APU PRIMARY  CONTROL  ELEMENTS 
coKl?oNENT  F'UNCT I O N  
GH2 PRESSURJ3 IEGULATOR - HYDROGEN SUPPLY PRJ3SSUIU3 REGULATION - 
AND RELIEF  VALVE OXYGEN SYSTEM PllllSSuRE R.EFEltENCE 
DIFFEXENTIAL PRESSURE RFIGULATOR - OXYGEN PRESSuIlE ItEGULAT I O N  
AND RELIEF VALVE 
GH2 BYPASS VALVES - REGENERATOR TWERATURE CONTROL AND 
HYDRAULIC  OOLER  TWEXATTURE  CONTROL 
POWER CONTROL VALVE - TURBINE POWER CONTROL 
TABLE 13 
SS/APU AUXILIARY CONTROL ELEMENTS 
COMPONENT 
TANK SHUTOFF  VALVES - 
EMERGENCY  SHUTOFF VALVE - 
ATTENUATOR TANK VENT VALVE - 
TURBINE SPEED SENSORS - 
TURBINE INLET TEFlPERATURE - 
SENSORS 
EQUALIZER GAS TEMPERATURE SENSOR - 
PROPELLANT INLET FILTERS - 
HYDRAULIC AND LUBE O I L  - 
TEMPERATURE SENSORS 
SIGNAL PRESSURE BIAS VALVE - 
FUNCTION 
PROPELLANT SHUTOFF 
TURBINE POWER SHUTOFF 
TANK VENTING 
TURBINE SPEED SENSING 
TURBINE GAS TEMPERATURE SENSING 
EQUALIZER HYDROGEN OUTLET TEMPERATURE 
PROPELLANT FILTRATION 
HYDRAULIC AND LUBE O I L  TEMPERATURE 
TIT LIMIT CONTROL 
TABLE 14 
VALVE AND REGULATOR  DESIGN  PHILOSOPHY  EMPHASIS 
0 ALL CONCEPTS WITHIN CURRENT STATE-OF-TIIE-ART 
0 OFF-THE-SIIELF QUALIFIED HARDWm USED WHEXE AVAILABLE 
0 CONSERVATIVE DESIGN FOR RELIABILITY AM) LIFE 
0 NEW DESIGNS BASED ON QUALIFIED COMPONENT CONCEPTS 
TABLE 15 
GHZ PRESSURE REGULATOR AND R E L I E F  VALVE REQUIREMENTS 
OPERATIONAL: REGULATE PRJ3SSuRF: OF GASEOUS HYDROGEN SUPPLIED TO SYSTEM 
C O X P O N E N T  CONDITIONS : 
3/4 INCH LIm 460 2 10 PSIG REGULATED OUTLET 
495 TO 1000 PSIA INLET 0.125 LB/SEC N O M I N A l  F L O W  
-60 TO -385F F L U I D  485 2 10 PSIG RELLEF SETTING 
-60 TO l3OF AMBIENl’ 
Figure 94. 5-2 Pneumatic Control Assembly 
DESIGN CONCEPTS USED IN 
SS/APU G 5  PRESSURE aEGULATOR 
Figure 95. Proven Design Concept for GH2 Pressure Regulator 
Figure 96 shows these  e lements   arranged  in  a schematic form t h a t   i l l u s t r a t e s  
the  operat ion  of   the component. The component cons is t s   o f   th ree  main sec t ions .  
The a c t u a t o r  s e c t i o n  o r  t h e  main regula t ion  por t ion  of  the  device  i s  shown i n  
tlle  center. The b l eed  r egu la to r  which supp l i e s  t he  p re s su re  to  the  dome of 
t he  ac tua to r  i s  on t h e  l e f t  w h i l e  t h e  c o n t r o l l e r  which senses  the regulator  
pressure  and ad jus t s  t he  dome pressure  i s  requi red  to  main ta in  the  regula t ion  
accuracy i s  shown on t h e  r i g h t .  The a c t u a t o r  a l s o  c o n t a i n s  t h e  r e l i e f  f u n c t i o n  
with  an  arrangement  termed a 3-way non=interf low  valve.  With this   arrangement  
the main i n l e t  can be closed before the exhaust o r  re l ie f  func t ion  opens .  
S i m i l a r l y ,  t h e  e x h a u s t  f u n c t i o n ,  i f  s t a r t i n g  from the open posit ion,  can be 
closed before  opening the inlet .  
With th i s  a r r engemen t  e i the r  t he  in l e t  va lve  i s  open and the regulator i s  
f lowing,  or  the exhaust  valve i s  open exhausting excess pressure to atmosphere.  
A t  n o  time  however are   both  the  exhaust   valve and  the i n l e t  open.  Accordingly, 
t he re  i s  a period of dead-band travel by the  ac tua to r  when ne i ther  the  exhaus t  
va lve  no r  the  in l e t  va lve  i s  open. 
This  regulator  can  be  categorized as a dome-loaded, p i lo t -opera ted   device .  The 
dome-loader ,  or  the bleed regulator  on th i s  schemat ic ,  p rovides  a re ference  
pressure  to  the  dome of  the  ac tua tor ,  and  the  regula tor  operates very similar 
t o  a d i r e c t l y  a c t u a t e d  r e g u l a t o r  i n  which a spr ing  device  i s  used as a re ference .  
In  the dome-loaded conf igura t ion ,  the  pressure  takes  the  p lace  of  the  spr ing  
re ference  which  resu l t s  in  a s ign i f i can t ly  l i gh te r  a s sembly  and more accu ra t e  
r egu la t ion .  The accuracy  requirements   for   the APU System are s u f f i c i e n t l y  
t i gh t  t o  p rec lude  the  use  of a dome-loaded r egu la to r  a lone .  P i lo t  ope ra t ion  
i s  introduced by i n t e r p o s i n g  a n  o r i f i c e  between the bleed regulator and the 
a c t u a t o r  and  adding a p i l o t  v a l v e  downstream of the actuator dome,, The 
b l eed  r egu la to r  i s  set  t o  r e g u l a t e  a low flow of hydrogen a t  a s e t t i n g  some- 
what above the regulated pressure required from the  main r egu la to r .  
I f  t he  con t ro l l e r  i s  closed and seated as shown in  the  schemat i c ,  t he  p re s su re  
i n  t h e  a c t u a t o r  a r e a  would r i s e  t o  t h e  s e t t i n g  o f  t h e  b l e e d  r e g u l a t o r  e v e n t u a l l y  
s ince  the re  i s  no f low  out   of   the   regulator  dome. On the  o the r  hand ,  i f  t he  
c o n t r o l l e r  i s  pos i t i oned  s l igh t ly  open ,  t he  f low t h a t  i s  passing through the 
o r i f i c e  w i l l  even tua l ly  be  e s t ab l i shed  th rough  the  con t ro l l e r  p i lo t  and the 
p re s su re  tha t  r ema ins  in  the  ac tua to r  dome w i l l  be  a funct ion of  these two 
r e s i s t a n c e s .  
In  pract ice ,  the control ler  senses  the gaseous hydrogen regulator  pressure 
and pos i t i ons  the  p i lo t  va lve  aga ins t  t he  r e fe rence  co i l  sp r ing ,  such  tha t  
the  f low through the  or i f ice  equals  the  f low through the  p i lo t  va lve  and the  
p r e s s u r e  i n  t h e  r e g u l a t o r  a c t u a t o r  dome becomes the  r e fe rence  p res su re  fo r  
gaseous hydrogen regulation. A reduction in gaseous hydrogen pressure w i l l  
c a u s e  t h e  c o n t r o l l e r  t o  p o s i t i o n  t h e  p i l o t  v a l v e  c l o s e r  t o  t h e  s e a t  i n c r e a s i n g  
the  r e s i s t ance  o f  t he  p i lo t  va lve  and t h e  p r e s s u r e  i n  t h e  a c t u a t o r  dome w i l l  
increase.  This  actuates  the main valve inlet  far ther  open to  re turn the hydrogen 
p r e s s u r e  t o  t h e  d e s i r e d  s e t  p o i n t .  I f ,  on the   o ther   hand ,   the   p ressure   in   the  
downstream s ide  of  the  regula tor  i s  above fshe d e s i r e d  s e t  p o i n t ,  t h e  c o n t r o l l e r  
CONTROLLER 
R E L E F  
OUTLET 
Figure 96. GH2 Pressure Regulator and Relief Valve  Schematic 
w i  1 
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.1 b e  p o s i t i o n e d  t o  a l a r g e r  p i l o t  va lve  f low area, d e c r e a s i n g  t h e  r e s i s t a n c e  
t h e  c o n t r o l l e r  p i l o t  va lve  a n d  r e d u c i n g  t h e  p r e s s u r e  i n  t h e  a c t u a t o r  dome t o  
.ow t h e  i n l e t  seat  t o  move t o w a r d  t h e  c l o s e d  p o s i t i o n .  If the   downst ream  pres -  
s u r e  is  s u f f i c i e n t l y  h i g h ,  t h e  a c t u a t o r  will f i r s t  c l o s e  t h e  m a i n  i n l e t  t h e n  will 
s t roke  th rough  a small deadband t o  l i f t  t h e  a c t u a t o r  e x h a u s t  seat and  exhaus t  t he  
e x c e s s  p r e s s u r e  t o  a t m o s p h e r e .  
As s t a t e d  p r e v i o u s l y ,  t h e  g a s e o u s  h y d r o g e n  p r e s s u r e  r e g u l a t o r  i s  a n  a d a p t a t i o n  
o f  t h e  5 - 2  r e g u l a t o r  d e s i g n .  D e s i g n  of t h e  r e g u l a t o r  f o r  t h e  APU i s  shown i n  
c r o s s - s e c t i o n   i n   F i g .  97 u s i n g   t h o s e  same d e t a i l   e l e m e n t s .   I n  f ac t ,  t h i s   d e s i g n  
i s  v e r y  similar t o  a n  e a r l y  v e r s i o n  o f  t h e  5 - 2  r egu la to r  a s sembly  where  d i sc re t e  
components were used.  
B. DIFFERENTIAL  PRESSURE  GULATOR 
The d i f f e r e n t i a l  p r e s s u r e  r e g u l a t o r  i s  a d e v i c e  v e r y  s i m i l a r  t o  t h e  g a s e o u s  
p r e s s u r e   r e g u l a t o r .  The r e q u i r e m e n t s   f o r   t h i s   e l e m e n t   a r e  shown i n   T a b l e  16 . 
The dev ice  r egu la t e s  gaseous  oxygen  p res su re  us ing  the  r egu la t ed  gaseous  hydrogen  
p r e s s u r e  as a r e fe rence .   F igu re  98 shows t h e   b a s i c  5 - 2  r egu la to r   a s sembly  
w i t h  t h a t  p o r t i o n  o f  t h e  r e g u l a t o r  u s e d  f o r  t h e  d i f f e r e n t i a l  r e g u l a t o r  o u t l i n e d .  
I n  t h i s  a p p l i c a t i o n  m u l t i p l e  d i a p h r a g m s  m u s t  b e  p r o v i d e d  i n  o r d e r  t o  s a f e l y  
i so la te  the  gaseous  oxygen sys tem f rom the  gaseous  hydrogen  sys tem.  
Actua l ly ,   th ree   d iaphragms are used;  two buffered  double   diaphragms  and a 
c e n t r a l l y  l o c a t e d  v e n t  s e p a r a t o r  membrane.  The upper   buf fered   d iaphragm  senses  
gaseous  hydrogen  pressure.  The lower  buffered  diaphragm  senses   gaseous  oxygen 
p r e s s u r e .  Any l eakage   occu r r ing   ac ross   t he   d i aphragm  l aye r  i n  c o n t a c t   w i t h  
the  hydrogen  o r  oxygen  wou ld  r e su l t  i n  a p r e s s u r e  r i s e  i n  t h e  b u f f e r e d  z o n e  
as a l e a k a g e   d e t e c t i o n .   L e a k a g e   a c r o s s   e i t h e r   t h e   e n t i r e   u p p e r   o r   l o w e r  
bu f fe red  d i aphragm in to  the  ven t  a r ea  i s  sepa ra t ed  f rom the o t h e r  p r o p e l l a n t  
by both the middle  membrane and  the  o the r  bu f fe red  d i aphragm:  and  ven t s  t o  
a tmosphere.   Figure 99 i l l u s t r a t e s  a schemat i c   o f   t he  APU AP r e g u l a t o r  w i t h  t h e  
mul t iu le  d iaphragms.  
A 3-way n o n - i n t e r f l o w  i n l e t  v a l v e  a r r a n g e m e n t  i s  u s e d ,  s u c h  t h a t  t h e  r e g u l a t o r  
will not  on ly  provide  regula ted  f low in  response  to  gaseous  oxygen f low demands ,  
b u t  a l s o  w i l l  p rovide  a r e l i e f  func t ion  which  can  vent  excess oxygen pressure 
s a f e l y  o v e r b o a r d .  
The d e t a i l  d e s i g n  o f  t h e  d i f f e r e n t i a l  p r e s s u r e  r e g u l a t o r  i s  shown i n  F i g .  100 
where  mos t  o f  t he  ac tua to r  e l emen t s  aga in  are t h e  same a s  t h e  d e t a i l  p a r t s  u s e d  
i n   t h e   g a s e o u s   h y d r o g e n   r e g u l a t o r .  The d i f f e r e n t i a l  r e g u l a t o r  c o n f i g u r a t i o n  is 
somewhat  more s i m p l i f i e d  t h a n  t h e  g a s e o u s  h y d r o g e n  p r e s s u r e  r e g u l a t o r  i n  t h a t  a 
r e a d y  r e f e r e n c e  s o u r c e  i s  a v a i l a b l e  a n d  t h e  b l e e d  r e g u l a t o r  a n d  c o n t r o l l e r  sec- 
t i o n s  are n o t  n e e d e d  f o r  r e g u l a t i o n  a c c u r a c y .  The a c c u r a c y  o f  t h e  d i f f e r e n t i a l  
p r e s s u r e  r e g u l a t o r  i s  equ iva len t  t o  the  accu racy  o f  t he  gaseous  hydrogen  p res su re  
r e g u l a t o r  s i n c e  t h e  g a s e o u s  h y d r o g e n  i s  t h e  reference.  
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FEATURES 
0 
a 
0 
0 
0 
METAL DIAPHRAGM 
DOME LOADED 
PILOT CONTROLLED 
QUALIFIED J-2 COMPONENT 
NO DYNAMIC SEALS 
Figure 97. GH Pressure Regulator 2 
TABLE 16 
DIFFERFNI'IAL  PRESSURE REGULATOR AND RELIEF 
VALVE REQUIREMENTS 
OPEl?.4TIONAL: REGULATE OXYGEN PFtESSURE AT EQUALIZER  OUTLET TO 
EQUAL HYDROGEN PRESSURE 
COMPONENT  CONDITIONS: 
3/8 INCH LINE 440 PSIG NOMINAL SENSED GH2 PFU3SSuRF: 
495 TO 1000 PSIG I m T  + 1 1/2-7  PSI REGULATION AT ALL CONDITIONS 
-60 TO -160F FLUID 0.105 LB/SEC NOMINAL FLOW 
-60 TO +130F AMBIENT NORMALLY CLOSED 
RELIEF SETTING 5 TO 10 PSI 
ABOVE: SENSED  PRESSURE 
- DESIGN CONCEPTS USED IN SS/APU 
DIFFERENTIAL PRESSURE REGULATOR 
Figure 98. Proven Design Concept  for  Differential  Pressure  Regulator 
U 
0 
H2 SENSING 
Hz VENT 
o2 VENT 
O2 RELIEF VE 
02 INLET 
Figure 99. Differential Pressure Regulator Schematic 
FEATURES 
0 DUAL METAL DIAPHRAGMS 
FOR PROPELLANT ISOLATION 
0 MEMBRANE SEPARATION OF 
ANY  DIAPHRAGM OR STATIC 
SEAL LEAKAGE 
0 DASHPOT  DAMPING ON 
HYDROGEN SIDE OF ACTUATOR 
Figure 100. Differential Pressure Regulator and Relief  Valve Design 
C. HYDROGEN BYPASS VALVE 
The gaseous  hydrogen bypass va lve  design has  two app l i ca t ions  i n  t h e  A P U ,  each of  
which s a t i s f i e s  a d i f f e r e n t   c o n t r o l   r e q u i r e m e n t ,  as l i s t e d  i n  Table   17.  The f i r s t  
i s  a s soc ia t ed  wi th  the  hydrogen  r egene ra to r  and  the  second  i s  r e l a t e d  t o  the  hy -  
d r a u l i c  cooler  c o n t r o l .   T h e s e   f u n c t i o n s   b o t h   r e q u i r e  a s e r v o  p o s i t i o n  ac tua to r  
d e v i c e   w i t h  a 3-way f i n a l  c o n t r o l  element for  f l o w   c o n t r o l .   T h i s   d e v i c e  is  very  
similar t o  t h e  cur ren t  device  used  on t h e  5 - 2  engine f o r  p r o p e l l a n t  u t i l i z a t i o n  
c o n t r o l .  The p r o p e l l a n t  u t i l i z a t i o n  valve i s  a 2-way va lve   which   bypasses   the  
5-2  l iquid  oxygen  turbopump. However, the   concept  is  e a s i l y   a d a p t a b l e  t o  a 3-way 
c o n f i g u r a t i o n .  
5-2 p r o p e l l a n t  u t i l i z a t i o n  v a l v e  a n d  t h e  r e q u i r e m e n t s  t h a t  i t  c u r r e n t l y  
s a t i s f i e s  a r e  shown i n   F i g .  101 . The p r o p e l l a n t  u t i l i z a t i o n  valve w i t h  i t s  
AC-dr iven  ac tua tor  w a s  s e l e c t e d  p r i m a r i l y  as a r e s u l t  o f  t h e  p h i l o s o p h y  of  
u s i n g   e x i s t i n g   q u a l i f i e d   h a r d w a r e .   A d d i t i o n a l   i n v e s t i g a t i o n   h a s   i n d i c a t e d ,  
h o w e v e r ,  t h a t  t h e  c u r r e n t  5 - 2  conf igu ra t ion  cou ld  be  mod i f i ed  as shown i n  Fig.102 
t o  s i g n i f i c a n t l y  r e d u c e  w e i g h t  a n d  a d d  c e r t a i n  s i m p l i f i c a t i o n  b y  r e p l a c i n g  t h e  
bas i c  s e rvo  moto r  and  gea r -d r ive  ac tua to r  w i th  a DC torque  motor.  A r a t h e r  
w i d e  v a r i e t y  o f  D C  t o rque  moto r s  wh ich  a re  cu r ren t ly  be ing  used  in  space  
a p p l i c a t i o n s  s i m i l a r  t o  t h e  r e q u i r e m e n t s  f o r  t h e  Space  S h u t t l e  APU bypass 
v a l v e  . 
E x i s t i n g  5 -2  p r o p e l l a n t  u t i l i z a t i o n  v a l v e  a c t u a t o r s  c o u l d  b e  u s e d  t o  a d v a n t a g e  
i n  t h e  n e x t  p h a s e  o f  t h e  S p a c e  S h u t t l e  APU System. While t h e  a c t u a t o r  f o r  t h e  
b a s i c  c o n f i g u r a t i o n  u s e s  400 c y c l e  AC power the  conve r s ion  f rom the  DC supply  
t o  t h e  400 c y c l e  A C  c a n  b e  e a s i l y  p r o v i d e d  i n  t h e  e l e c t r o n i c  c o n t r o l  a s s e m b l y  
which i s  p a r t  o f   t h e  APU s y s t e m .  N e v e r t h e l e s s  f u r t h e r  e x p l o r a t i o n  o f  a v a i l a b l e  
hardware on the DC t o rque  moto r  dev ice  fo r  t he  bypass  va lve  app l i ca t ion  i s  
warran ted .  
D.  POWER CONTROL VALVE (PULSE MODULATION) 
D l .  Control  Valve  Technology  Considerations 
Rocketdyne i s  c u r r e n t l y  i n v o l v e d  i n  a v a r i e t y  o f  s h u t t l e  s y s t e m s  r e q u i r i n g  
p r o p e l l a n t   c o n t r o l   v a l v e s .   F o r  example, t h e  APS t h r u s t e r s   r e q u i r e  low leakage  
v a l v e s  w i t h  h i g h  c y c l e  l i f e .  S i m i l a r  c o n d i t i o n s  e x i s t  f o r  t h e  APU system 
( p u l s e  m o d u l a t e d  o r  c o n t i n u o u s l y  m o d u l a t i n g )  s y s t e m s  a n d  f o r  t h e  s h u t t l e  
p r o p e l l a n t   c o n d i t i o n e r   s y s t e m .   W i t h   r e s p e c t   t o   a l l o w a b l e   l e a k a g e   a n d   c y c l e  
l i f e  r e q u i r e m e n t s ,  v i r t u a l l y  a l l  combinations of low and high al lowable leakage 
and   l ow  and   h igh   cyc le   l i f e   occu r .   These   d i f f e rences   i n   r equ i r emen t s   l ead  
t o  somewhat d i f f e r e n t  c o n f i g u r a t i o n s  i n  t h e  power c o n t r o l  valve area f o r  e a c h  
of   the  systems.   Table  18 summarizes  these  combinations.  
The c r i t i c a l   d e s i g n   e l e m e n t s   r e l a t e d   t o   t h e s e   r e q u i r e m e n t s  are shown i n  t h e  
c e n t r a l   p o r t i o n   o f   T a b l e  18 fo r   each   o f   t he   sys t ems .  A c r i t i c a l   d e s i g n  
e lement ,  means to   imply   e lements   tha t  are t h e  m o s t  i n f l u e n t i a l  i n  e s t a b l i s h i n g  
the  des ign  conf igu ra t ion ,  and  where  impor t an t  s t a t e -o f - the -a r t  cons ide ra t ions  
and  t rades   must   be made. When c o n s i d e r i n g  a low a l l o w a b l e   l e a k a g e ,   t h e   s e a t  
o r  c l o s u r e  s e a l  becomes a c r i t i c a l  d e s i g n  e l e m e n t  a n d  s t u d i e s  h a v e  shown t h a t  
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TABU 17 
GH2 BYPASS  VALVE  REQUIREMENTS 
(TWO APPLICATIONS) 
OPERATIONAL: THREE WAY HYDROGEN f i O W  SPLITTER VALVE AROUND AND THROUGH 
(1) REGENERATOR, (2 )  HYDRAULIC COOLElR I N  CLOSED  LOOP 
TEMPERATURE CONTROL  OPERATION 
VALVE CONDITIONS : 
3/4 INCH L m  
460 PSIG LNLET 
-60 TO -385F F I U I D  
-60 TO +l3OF AMBLENT 
ACTUATOR : 
SERVO POSITIONED 
DESIGN FOR MINI" PRESSURE  DROP 
LINEAR  CONSTANT TOTAL F'LOW AREA 
MINIMUM LEAKAGE CONSISTENT WITH 
NO SLIDING S W  
0 TO 0.126 LB/SEC F'LOW 
ONE SECOND FULL STROm 
F L U I D :  
0 F L U I D  
PRESSURE:  
0 O P E R A T I N G  
T E M P E R A T U R E :  
0 T Y P E :  
0 A C T U A T I O N :  
0 L E A K A G E :  
0 RESPONSE:  
0 A P P L I C A T I O N :  
L I QU I D OXYGEN 
1 1 0 0   P S l G  
-298 T O   + 1 4 O  F 
PLUG,  METER I NG 
MOTOR,   115   VAC 
NOT A S H U T O F F   V A L V E  
5 C P S   ( 1   S E C O N D   F U L L   S T R O K E )  
M I X T U R E   R A T I O   C O N T R O L :  
20,094 SECONDS  AND 1 0 0  
E N G I N E   R U N S   M A X I M U M   S I N G L E  
EXPOSURE;  OVER 400,000 
SECONDS  AND 4000 E N G I N E  
RUNS  OVERALL  
F i g u r e  101 1-3/4 i n c h   l ’ r o p e l l a n t   U t i l i z a t i o n  Valve 
ALTERNATE 
ACTUATOR 
' I  
VALVE  DESIGN  FEATURES 
t 
0 ALL  METAL  GATE AND HOUSING ASSEMBLY 
0 NO DYNAMIC GATE SEALS 
ACTUATORDESIGNFEATURES 
BASIC: 
0 400 CYCLE AC SERVO ACTUATOR 
QUALIFIED IN 5-2 PROGRAM 
ALTERNATE: 
0 DC TORQUE MOTOR LOW WEIGHT 
F i g u r e  102. GH2 Bypass  Valve  Design 
TABLE 18 
POWER  CONTROL  VALVES 
RELATED  TECHNOLOGY CONSIDERATIONS 
SYSTEM 
I 
APS 
THRUSTERS 
REQUIREMENTS 
ALLOWABLE  LEAZ(AGE 
CYCLE LIFT 
ALLOWABLE  LEAICAGE 
CYCLE LIFE 
AUXILIARY 
PROPELLANT 
CONDITIONER 
LOW LOW HIGH HIGH 
HIGH LOW  LOW HIGH 
1 I I 
CRITICAL DESIGN E L J "  
CLOSURE 
NONE NONE DYNAMIC DYNAMIC 
SEAL SEAL 
CLOSURE NONE NONE 
SEWS SEALS 
I I I I 
c poppet   configurat ion w i l l  most probably   sa t i s fy   th i s   requi rement .   S imi la r ly ,  
when h i g h  c y c l e  l i f e  i s  requi red ,  the  dynamic seals become t h e  c r i t i c a l  d e s i g n  
element. 
A mechanically-linked poppet type bipropellant valve would most probably use a 
be l lows  to  i so l a t e  t he  p rope l l an t s  and  to  pa r t i a l ly  ba l ance  poppe t  fo rces .  
Bellows l i fe  to-date  has  been demonstrated up t o  10,000 cyc le s ;  however, t h i s  
was f o r  a s p e c i f i c  a p p l i c a t i o n  u s i n g  a r e l a t ive ly  long  s t roke  be l lows .  Shor t e r  
s t roke appl icat ions have successful ly  achieved 1 mi l l ion  cyc les .  
S l id ing  dynamic seals can take various forms where a l o w  leakage dynamic seal  
i s  requi red  as would be the case when a t t e m p t i n g  t o  i s o l a t e  p r o p e l l a n t s .  
The seal can  be  expec ted  to  be  r a the r  s ens i t i ve  to  cyc le  l i f e .  On the  o the r  
hand ,  cer ta in  va lve  conf igura t ions  l imi ted  to  ind iv idua l  propel lan t  va lves  as 
opposed to  b ip rope l l an t  va lves  can  use  h igh  l eakage  s l id ing  seals to advantage.  
In the case where the allowable leakage i s  h igh ,  a var ie ty  of  conf igura t ions  i s  
acceptab le .  For  example, i n  t he  pu l se  mode. and modulat ing  type  auxi l iary power 
un i t  sys t ems ,  e i the r  a b a l l  c o n f i g u r a t i o n  o r  a poppet  configurat ion could be 
used .   Here   func t iona l   s impl ic i ty   ra ther   than  seat leakage i s  t h e  c r i t e r i a .  
The c y c l e  l i f e  r e q u i r e m e n t s  i n  t h e  p u l s e  mode system are high which again 
poses  the same quest ion  regarding dynamic sea l s .   I n   t he   ca se   o f   t he   ba l l  
conf igura t ion ,  a r o t a r y  s l i d i n g  seal can  be  used  to  advantage,  whereas i n  t h e  
poppet  configurat ion the bel lows dynamic s e a l  i s  a candidate .  A bellows seal 
conf igura t ion  w a s  se lec ted  in  the  case  of  the  poppet  va lve  because  a l inked  
b i -propel lan t  va lve  i s  p r o j e c t e d  f o r  u s e  i n  t h e  APU system for  i t s  power 
cont ro l  va lve .  
D2 Control  Valve  Requirements 
The spec i f i c  r equ i r emen t s  fo r  t he  power cont ro l  va lve  as used on the APU 
system as l i s t e d  i n  T a b l e  19 requirements   include  the  a l lowable  leakage  of  
two-tenths of a percent  of  the maximum f lowra te  which  s igni f icant ly  reduces  
the design problem and l i f e  problems on the seat and the three mil l ion on- 
o f f   cyc le s   r equ i r ed   fo r   t he   pu l se  mode opera t ion .   Also   s ign i f icant  i s  the 
twenty millisecond maximum opera t ing  t i m e ,  and t h e  r e l a t i v e l y  low 10 p s i  
maximum AP. 
I n  s e l e c t i n g  a conf igu ra t ion  fo r  t he  power con t ro l  va lve ,  a l l  power sources  were 
considered, as shown in  Tab le  20 namely hydraul ic ,   pneumatic ,  and e l e c t r i c a l .  
Among the pneumatic power sources ,  both high pressure hel ium supply and the  
sys t em p rope l l an t  i t s e l f  were considered. The hydrogen ,  or  propel lan t ,  
operated means of con t ro l  w a s  se lec ted  because  i t  provided a low weight 
actuation  system. It has  capabi l i ty  for  the  requi red  response  and  does  not 
depend upon any ex te rna l  supp ies  as would be the case with the pneumatic,  helium, 
hydrau l i c  o r  e l ec t r i ca l  sys t ems .  
TABLE 19 
POWER  CONTROL VALVE REQUIREMENTS FOR PULSE MODE 
OPEZZATIONAL:  ON-OFF CONTROL OF HYDROGEN AND OXYGEN FLOW TO GAS GENERATOR 
AS PART  OF  CLOSED  LOOP SYS!DN 
P 
4 
03 
VALVE CONDITIONS : 
% Go, BOTH SIDES 
LINE SIZE 3/4 IN 3/8 IN ON-OFF LINKED  BIPROP VALVE 
INLET PRESSURE: 440 PSIG 436 PSIG -60 TO +130F AMBlENT 
FLUID TEMPERATURE l9OF 1 7 0 ~  0.2 PERCENT ALLOWABLE LEAICAGE 
FLOWRATE 0.125 LB/SEC 0.105 LB/SEC NORMALLY  CLOSED 
.02 SEC MAXI" OPERATING  TIME 
3,000,000 ON-OFF CYCLES 
10 PSI MAXI" A P  
TABLE 20 
ACTUATION P W E R  SOURCES 
FOR PULSE MODE POWER CONTROL VALVE 
0 P O m  SOURCES  CONSID= 
0 HYDRAULIC 
0 PNEUMATIC 
0 ELECTRICAL 
0 WDROGEV OPERATING F'LUID SELECTED 
0 LOWEST  WEIGHT ACTUATION SYSTm 
0 ADEQUATE RESPONSE CAPABILITY 
0 NO ExTERplIAL SUPPLY REQUIRED 
Two ways o f  a r r a n g i n g  t h e  p o w e r  c o n t r o l  v a l v e  a c t u a t o r  a r e  a v a i l a b l e  a n d  shown 
i n   F i g  103 . The a c t u a t i n g   f l u i d  may b e   r e t u r n e d   t o   t h e   f l u i d   s y s t e m  as shown 
or  dumping t h e  a c t u a t i n g  f l u i d  t o  t h e  t u r b i n e  e x h a u s t  or hydrogen  vent ,  
Dumping t h e  f l u i d  d o e s  n o t  r e p r e s e n t  a s ign i f i can t  pe r fo rmance  d i sadvan tage  and  
somewhat s i m p l i f i e s   t h e   a c t u a t i o n   s y s t e m .  To i l l u s t r a t e ,   n o t e   t h a t   t h e   s y s t e m  
w h i c h  r e t u r n s  t h e  f l u i d  t o t h e  f l u i d  stream r e q u i r e s  a v e n t u r i  s e c t i o n  down- 
s t r eam o f  the  hydrogen  va lve  to  p rov ide  a l o c a l  l o w - p r e s s u r e  area t o  e x h a u s t  
t 5 e   a c t u a t i o n   f l u i d .   T h i s   a r r a n g e m e n t  i s  r e q u i r e d   t o  meet the  dynamic  response 
requi rements .  The v e n t u r i   s e c t i o n  i s  a e e d e d   s i n c e   t h e   1 0   p s i  maximum A P does 
n o t  p r o v i d e  s u f f i c i e n t  d i f f e r e n t i a l  p r e s s u r e  t o  v e n t  t h e  a c t u a t i n g  f l u i d  a n d  
a l l o w  t h e  a c t u a t o r  t o  move. 
I n  t h i s  s y s t e m ,  a b a l l  t y p e  v a l v e  i s  v i r t u a l l y  m a n d a t o r y  s i n c e  a c e r t a i n  amount 
o f  t h e  A P  i s  l o s t  a c r o s s  t h e  v e n t u r i ,  r e c o v e r y  o f  t h e  v e n t u r i  b e i n g  a b o u t  80 
p e r c e n t  on a r e a l i s t i c  b a s i s .  The b a l a n c e   o f   t h e   d i f f e r e n t i a l   p r e s s u r e  i s  
s u f f i c i e n t l y  low s u c h  t h a t  a b a l l  t y p e  v a l v e  w i t h  i t s  i n h e r e n t  low A P  i s  t h e  
on ly  conf igu ra t ion  wh ich  can  meet t h e  maximum A P requi rements .  
In  the  case  where  the  f lu id  i s  dumped t o  t h e  t u r b i n e  e x h a u s t ,  o r  t o  a hydrogen 
v e n t  s i g n i f i c a n t l y  g x e a t e r  A P  i s  a v a i l a b l e  and  response i s  n o t  a problem. 
E i t h e r  a p o p p e t   o r  a ba l l   con f igu ra t ion   cou ld   be   u sed .   However ,   t he   a l lowab le  
leakage  recui rement  i s  s u c h  t h a t  a b a l l  c o n f i g u r a t i o n  c a n  b e  u s e d  w i t h  a 
g rea t e r  des ign  marg in  on  AP  and  somewhat s i m p l e r  c o n s t r u c t i o n  i n  t h a t  t h e  
v a l v e s   a r e  m r e  e a s i l y  l i n k e d  t o  a common a c t u a t o r .  A c a n d i d a t e   c o n f i g u r a t i o n  
i s  c u r r e n t l y  i n  p r o d u c t i o n  c o n f i g u r a t i o n  u s e d  o n  o u r  Atlas Vernier  Systems.  
T h i s  v a l v e  c o n t r o l s  t h e  f l o w  o f  l i q u i d  o x y g e n  a n d  RP f u e l  t o  t h e  Atlas V e r n i e r  
e n g i n e s .  The a c t u a l  c o n f i g u r a t i o n  as u s e d  i n  t h e  Atlas Program i s  a 3-way type  
v a l v e  i s  shown i n  F i g .  104 . Figure105 shows t h e  o n e - h a l f  of t h e  valve modif ied 
from a 3-way t o  a 2-way a n d  a l s o  serves t o  i l l u s t r a t e  a s imple  seat  d e s i g n  
which  should  be  adequate  to  main ta in  the  a l lowable  leakage  level  o v e r  t h e  
r e q u i r e d  3 m i l l i o n  c y c l e  l i f e .  
E x p e r i e n c e  w i t h  t h i s  seat  d e s i g n  i n c l u d e s  some work  done as p a r t  o f  t h e  APS 
Valve  Technology  Program. A Vespel 2 1  seat  and a v i r g i n  t e f l o n  seat  were 
cyc led  1 m i l l i o n  c y c l e s  i n  a m o d i f i e d   H y d r o m a t i c s   b a l l   v a l v e .   I n i t i a l l y ,   t h e  
l e a k a g e  t h r o u g h  t h e  t e f l o n  s e a t  was s i g n i f i c a n t l y  l o w e r  t h a n  t h a t  o f  t h e  Vespe l  
21.  However, a f t e r   a b o u r  5,000 c y c l e s   t h e   t e f l o n  seat d e t e r i o r a t e d   a n d   t h e  
l e a k a g e   i n c r e a s e d   t o   a n   u n c o n t r o l l e d  level.  Vespel 2 1  l e a k a g e ,   o n   t h e   o t h e r  
hand,  was i n i t i a l l y  h i g h e r  t h a n  t h e  t e f l o n  b u t  t h e  v a l v e  l e a k a g e  t h r o u g h o u t  
t h e  1 m i l l i o n  c y c l e  t e s t  p e r i o d  r e m a i n e d  e s s e n t i a l l y  c o n s t a n t .  
Addi t iona l  tes ts  have  been  conducted  with  Vespel 21  on a l a r g e r  b a l l  valve c o n f i g -  
u r a t i o n   w i t h  an approximate 3 inch seat  d i ame te r .   Th i s  seat  was s u c c e s s f u l l y  
cyc led  up  to  50,000 c y c l e s  w i t h  t h e  r e s u l t s  a g a i n  s h o w i n g  c o n s i s t e n t  l e a k a g e .  
Tests i n d i c a t e  t h a t  t h e  V e s p e l  2 1  s e a t  c a n  b e  d e s i g n e d  t o  p r o v i d e  a wide range of 
des ign   leakage  rates,  a n d  i n d i c a t e  t h a t  w h a t e v e r  t h e  l e a k a g e  i n i t i a l l y ,  t h e  seat 
q u a l i t y  is  s u f f i c i e n t l y  c o n s t a n t  o v e r  a l a r g e  number of c y c l e s .  
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F i g u r e  103. Methods  of  A c t u a t i o n   F l u i d  Disposal f o r  P u l s e  
Mode P o w e r   C o n t r o l  V a l v e  
I 
Figure  104. Hydromatics Bipropellant Valve 
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Figure 105. Power Control  Valve - Modification of Hydromatics  Ball and 
Housing  Configuration 
An a l t e r n a t e  b i p r o p e l l a n t  c o n f i g u r a t i o n  i s  shown i n  F i g ,  106 u t i l i z i n g  b e l l o w s  
i s o l a t e d ,  f l a t  seated p o p p e t s .   B e l l o w s ,   i n   a d d i t i o n   t o   p r o v i d i n g  a h e r m e t i c  
i so l a t ion  o f  t he  oxygen  and  hydrogen  sys t em a l so  p rov ide  a means f o r  p r e s s u r e  
b a l a n c i n g  t h e  v a l v e  s e a t s  a g a i n s t  i n l e t  p r e s s u r e  a n d  t h e r e b y  r e d u c i n g  t h e  valve 
a c t u a t i o n  f o r c e s .  
T h i s  c c n f i g u r a t i o n  i s  similar to  t h e  b i p r o p e l l a n t  p o p p e t  c o n f i g u r a t i o n  c o n -  
s i d e r e d  f o r  t h e  APS System. Some o f   t h e  more s p e c i f i c  f e a t u r e s  o f  t h i s  
d e s i g n  are t h a t  t h e  v a l v e  i s  normal ly  c losed  wi th  a b i a s  s p r i n g  i n  t h e  a c t u a t o r ,  
c lo s ing   bo th   mechan ica l ly - l inked   poppe t s .  The be l lows   ba l ances   t he   poppe t  
f o r c e s   w h i c h   r e d u c e s   t h e   r e q u i r e d   a c t u a t i o n   f o r c e s .   P o p p e t s   a n d   s e a t s   a r e  
metal- to-metal  and the seats a r e  f l e x u r e  m o u n t e d  f o r  b e t t e r  a l i g n m e n t  o f  t h e  
p o p p e t s   w i t h   t h e i r   r e s p e c t i v e   s e a t s .   I n   t h e   c l o s e d   p o s i t i o n   o n l y   t h e  seat  
s e a l s  themselves   a re   exposed   to   the   p rope l lan t   thereby   min imiz ing   the  number of 
l eakage  pa ths  th rough  dynamic  sea l s  o r  c losu res .  
E .  POWER CONTROL VALVE (PRESSURE MODULATED) 
The. t h r o t t l e  v a l v e  c o n c e p t s  p r e s e n t e d  i n  t h e  d i s c u s s i o n  o f  t h e  p u l s e  mode 
power c o n t r o l  v a l v e  may a l s o  b e  u s e d  f o r  t h e  m o d u l a t i n g  c o n t r o l  a p p l i c a t i o n .  
A s  shown i n T a b l e  21 t h e  e l e c t r i c a l  method  of   actuat ion i s  p r e f e r a b l e  f o r  a 
con t inuous ly   modu la t ing   power   con t ro l   va lve .  The ac tua to r   wou ld   be  similar 
t o  t h e   a c t u a t o r s   c o n s i d e r e d   f o r   t h e  GH2 bypass   va lve .   Hydrau l i c   ac tua t ion  
i s  n o t  as a t t r a c t i v e  i n  t h a t  a n  e x t e r n a l  s u p p l y  i s  r e q u i r e d  f o r  s t a r t  which 
may o r  may n o t  b e  a v a i l a b l e .  A p n e u m a t i c  s y s t e m  u t i l i z i n g  e i t h e r  h i g h  p r e s s u r e  
g a s   o r   t h e   p r o p e l l a n t   s y s t e m   h a s   c e r t a i n   d i s a d v a n t a g e s .   T h e r e  i s  a f a i r l y  h i g h  
gas  usage r a t e  a s s o c i a t e d  w i t h  a pneumatic servovalve which would be required 
f o r  p o s i t i o n i n g  t h e  power c o n t r o l  valve. I f  t h i s  s o u r c e  o f  p n e u m a t i c  p r e s s u r e  
came from a s to red  he l ium sys t em,  add i t iona l  we igh t  wou ld  be  r equ i r ed  to  
provide  such a s y s t e m  t o  t h e  APU system. The p r o p e l l a n t  p r e s s u r e  i t s e l f ,  
namely  the  hydrogen  pressure ,  i s  n o t  s u f f i c i e n t l y  h i g h  t o  o p e r a t e  s u c h  a 
servovalve  system. 
F. CONTROL ELEMENT STATUS 
Tables  2 2 , 2 3  and 24 summar ize  the  pr imary  and  auxi l ia ry  cont ro l  e lement  
s t a t u s ,  w i t h  r e s p e c t  t o  similar d e s i g n  s t a t u s  a n d  c e r t a i n  p e r t i n e n t  r e m a r k s .  
A s  h a s  b e e n  p r e v i o u s l y  d i s c u s s e d  t h e  g a s e o u s  p r e s s u r e  r e g u l a t o r  a n d  r e l i e f  
v a l v e  i s  a d e s i g n  v e r y  similar t o  a n  e x i s t i n g  5 - 2  p r o d u c t i o n  d e s i g n  u s i n g  t h e  
r e g u l a t o r  p o r t i o n  o f  t h e  5 - 2  c o n t r o l  a s s e m b l i e s ,  b u t  s u b s t i t u t i n g  metal 
d i aphragms   fo r   t he   cu r ren t ly   u sed   my la r   d i aphragms .  The d i f f e r e n t i a l  p r e s s u r e  
r e g u l a t o r  a n d  re l ief  valve i s  a l s o  q u i t e  similar t o  t h e  5 - 2  p r o d u c t i o n  
r e g u l a t o r  e x c e p t  t h a t  i t  u s e s  o n l y  t h e  m a i n  a c t u a t o r  p o r t i o n  of  tha t  assembly .  
The GH2 b y p a s s  v a l v e  h a s  a n  a c t u a t o r  s e c t i o n  i d e n t i c a l  t o  a p r e s e n t  A C  o p e r a t e d  
ac tua tor  used  in  the  5-2  product ion  program though i t  would  appear  tha t  a DC 
torque  motor  may p r o v e  t o  b e  a more s u i t a b l e  s e l e c t i o n .  The valve p o r t i o n  o f  
t h e  GH bypass   va lve  i s  a 3-way c o n f i g u r a t i o n  similar t o  t h e  p r e s e n t l y  u s e d  
2-way c o n s t r u c t i o n  a n d  t h e  p o w e r  c o n t r o l  v a l v e  c u r r e n t l y  p r o j e c t e d  f o r  u s e  i n  
the  next  phase  of  the  program i s  a l i n k e d - b i p r o p e l l a n t  b a l l  c o n f i g u r a t i o n  w i t h  
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Figure 106. Power Control  Valve - 
Alternate  Design 
TABLE 21 
MODULATING  POWER CONTROL 
VALVE CONSIDERATIONS 
ACTUATION 
ELECTRICAL - PRACTICAL 
THOSE FOR 
WDRArnIC - 
PNEUMATIC - 
THROTTLE VALVE TYPE 
- 
EXTm 
HIGH GAS 
EXTERNAL 
I 
USING ACTUATOR  CONCEFCS SIMILAR TO 
USAGE; HYDROGEN ACTUATION NOT STIFF; 
SUPPLY REQUIRED FOR HIGH PFIESSURE IIELIUM 
PULSE MODE VALVE CONCEPTS MAY BE USED FOR 
MODULATING  CONTROL 
coMpomN!r 
~~ 
GH PRFSSURE 
RELIEF 
R E ~ T O R  AND 
DIFIXEENTIAL 
P R E S S W  REGULATOR 
AND RELIEF VALVE 
GH2 BYPASS VALW 
ACTUATOR 
VALVE 
P O W  CONTROL 
VALVE 
TABU 22 
SUhIMARY - PRIMARY ELEhlENT STATUS 
s DlILAR 
DESIGN 
558130 
NA5-26726 
OR 
TORQUE  MOTOR 
251351 
NA5-26312 
OR 
APS VALVE 
~ ~ _ _ _ _  ~~ 
DESIGN STATUS 
5-2 PRODUCT I O N  
5-2 PRODUCTION 
5-2 PRODUCT ION 
COMMERCIllZl 
5-2 PRODUCTION 
ATLAS  PRODUCTION 
STUDY 
REMARI(s 
USE  REGULATOR PORTION OF 5-2 CONTROL ASSEMBLY 
WITH METAL  DIAPHRAGM 
USE MAIN  ACTUATOR PORTION OF 5-2 CONTROL 
A S S M L Y  WITH DUAL  METAL DIAPHRAGMS FOR 
PROPELLANT ISOLATION 
ELECTRIC SFJtVO MOTOR WITH GEAR FEDUCTION 
DIRECT DRrvE 
CONVERTING EXISTING 2-WAY DESIGN TO 
3-WAY DESIGN (2  REQUIRED) 
MODIFY SEATS TO "SEMI-SEAL" FOR  LONG LIFE 
TECHNOLOGY  PROGRAM I N  PROGRESS 
TABU 23 
SUMMARY - AUXILIARY ELEMENT STATUS 
COMPONENT S IMILAR  DESIGN 
FMBGENCY SHUTOFF SAME As POWER 
CONTROL VALVE 
ATTFWATOR TANK 
VENT VALVES 
558301 
T OXYGEN  TANK SAME A S   H 2  SHUTOFF  VALVE TANK SHUTOFF 
HYDRAULIC FLUID SAME As GH 
COOLER GH2 BYPASS BYPASS VAL& 
VALVE 
HYDROGEN TANK 
SHUTOFT VALVE 
R5003679L 
DESIGN STATUS REMARKS 
~ ~ 
SAME As POWER 
LOW C Y C L E   L I F E  CONTROL VALVE 
MODIFY SEATS FOR SEALING ABILITY;  
~~ ~~ 
~~ 
5-2 PRODUCTION MAY RBQUIRE BIFILAR WINDINGS AM) NEW 
CONNECTOR FOR SPACE SHUTTIZ COMMONALITY 
(2 R E Q U m )  
I ' 
SAME A S   H 2  
SIZE ADAPTER  TANK  SHUTOFF 
SAME AS  H2   VALVE WITH D I F F E R E N T   L I N E  
SAME AS GH 
BYPASS VAL% 
SAME VALW IN TWO APPLICATIONS 
I 
I I 
DJSIGNJD FOR MODIFY 3-WAY DESIGN TO 2-WAY DESIGN 
SSME 
I I 
i 
I I -  ‘A 
4 I I 
i 
COlrPONENT 
FILTERS 
TURBJNE SPEED 
SENSORS 
TURBIh’E INLF1T 
GAS TEMPERATURE 
SENSORS 
EQUALIZER GAS 
T W m T m  
SENSOR 
- 
HYDRAULIC AND 
PERATURE S E N S E  
LUBE O I L  TEM- 
SIGNAL  PRESSURE 
B I A S  VALVE 
TABLE 24 
SuMhlARY - AUXILIARY ELEMENT STATUS CQMPLFTED 
S Dl ILAR DES I G N  mlARxs DESIGN  STATUS 
NA5-260264-T1 MFG. BY WINTEC INC. UNITS  QUALIFIED 
RC7005 DESIGNED  FOR SSME PROCUREDENT 
SPEC  ISSUED (2 mQUIRED) 
RC7004 PROCUREMENT 
SPEC ISSUED 
nc7oo2 PROCUREMENT 
SPEC  ISSUED 
DESIGNED FOR SSME 
R C 7 0 0 2  
PROCUREMENT 1 DESIGNED  FOR  SSME S P E C  ISSUED 
-- I ” CObIPIERC I A L  
Vespel  2 1  seat seals. The recommendation,  of  course,  could  be  modified  pending 
t h e  r e s u l t s  o f  the  APS Valve Technology Program, c u r r e n t l y  i n  p r o g r e s s .  
A l l  of the  auxi l ia ry  e lements  are e i t h e r  e x i s t i n g  d e s i g n s ,  q u a l i f i e d  and i n  
p roduc t ion ,  o r  ex i s t ing  des igns  tha t  have  been  c rea t ed  spec i f i ca l ly  fo r  t he  
Space  Shut t le  appl ica t ion  for  un i t s  to  be  procured ,  based  on e s t ab l i shed  
procurement  specif icat ions.  
APPENDIX A 
APU COOLING CAPABILITY 
A study was made t o  e v a l u a t e  t h e  c o o l i n g  c a p a b i l i t y  o f  t h e  APU usi.ng the hydrogen 
as  the  hea t  s i n k  f l u i d .  The maximum heat  load which  can be accommodated by  the  
hydrogen is  a func t ion  of  the  f lowra te ,  source  tempera ture  and maximum continuous 
oil   temperature  assuming a 100 percent  effective o i l  c o o l e r .  The boos te r  and 
o r b i t e r  p r o f i l e s  were u t i l i z e d  t o  determine the GII,  flow a t  each "s l ice"  and t h e  
corresponding  hydraul ic  and lube   (a l te rna tor ,   gearEox,   bear ings ,   sea ls )   hea t   loads .  
The GH source  tempera ture  requi red  for  s teady-s ta te  cool ing  and  t h e  effect  of  in -  
creasing source temperature  on t r a n s i e n t  h e a t i n g  of the  bu lk  hydrau l i c  f lu id  was 
determined. 
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A schematic of the system is  shown in  F ig .  107 ,  i nd ica t ing  use  o f  a hydrau l i c  
coo le r  i n  the pump case  d ra in  l i ne .  To ta l  case dra in  f low was assumed t o  b e  6 
gpm (3 gpm/pwnp) independent   of   hydraul ic  power l e v e l .  The f l u i d  (MIL-H-5606) 
to ta l  sys tem inventory  per  APU is  321  pounds,  assumed for  bo th  boos te r  and o r b i t e r .  
The lube o i l  (MIL-L-7806) i n l e t  t e m p e r a t u r e  t o  t h e  c o o l e r  i s  700 R and t h e  GI1 e x i t  
temperature i s  671 R .  The r e s u l t i n g  o i l  c o o l e r  e f f e c t i v e n e s s  is 88 percent  and 75 
pe rcen t   du r ing   boos t e r   c ru i se  and o rb i t e r   r e - en t ry ,   r e spec t ive ly .   These   ope ra t ing  
cond i t ions  r ep resen t  t he  h ighes t  GH enthalpy r i s e  r equ i r ed  fo r  s t eady- s t a t e  coo l -  
i n g  and a l s o  t h e  maximum opera t ing  &ra t ion  wi t .h in  each  p ro f i l e .  The hea t  loads  
€or  these two opera t ing   condi t ions   a re  shown on Fig,   107.   Resul ts   of   the   s tudy 
a r e  shown i n  Fig.  108  through 111. The e f f ec t   o f   va ry ing  GH2 source  temperature 
and i n i t i a l  h y d r a u l i c  f l u i d  b u l k  t e m p e r a t u r e  on the  a l lowable  opera t ing  per iod  
such  tha t  t he  case  d ra in  e x i t  temperature equals 750 R i s  shown in  F ig .  108  and 
109. The G H  s o u r c e  t e m p e r a t u r e  l i m i t i n g  t h e  c a s e  d r a i n  e x i t  t o  750 R a t  t h e  end 
of  booster  c?uise  (5719 secs )  and o r b i t e r  r e - e n t r y  (4000 s e c s )  i s  shown i n  Fig.   110 
and 111 as a func t ion   of  i n i t i a l  h y d r a u l i c  f l u i d  t e m p e r a t u r e .  I n i t i a l  c a s e  d r a i n  
exi t   temperature  is  a l s o  shown.  Assuming t h e  b o o s t e r  h y d r a u l i c  f l u i d  a t  launch is 
540 R ,  a t empera tu re  r i s e  o f  abou t  20 F p r i o r  t o  t h e  s tar t  of c r u i s e  r e s u l t s ,  s o  
t h a t  a maximum GH source  temperature  of 260 R (Fig.  110) is  requi red   to   p revent  
t he  case  d ra in  ex i t  from going  over  temperature.  With 540 R i n i t i a l  t e m p e r a t u r e  
a t  t h e  s ta r t  o f  o r b i t e r  r e - e n t r y ,  125 R GI12 (Fig.  111) i s  requi red  to  prevent  case  
drain over  temperature .  
2 
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CONCLUSIONS 
1. I n t e g r a t i o n  o f  t h e  RPU with the APS system on the  boos te r  shou ld  no t  r e su l t  
in  hydraul ic  system over  temperature  so t h a t  a Type I1 system (750 R max) 
could be retained.  
2 .  Use of an  in t eg ra t ed  APU on t h e  o r b i t e r  would r e q u i r e  a higher temperature 
ra ted hydraul ic  system and/or  a s i g n i f i c a n t  i n c r e a s e  i n  maximum continuous 
lube oi l  temperature  s ince the 125 R GI1 is  well  below the 200 R t o  300 R 
APS system  nominal  temperature,   Increasing  the maximum o i l  t e m p e r a t u r e  by 
about 125 F (825 R) would make i n t e g r a t i o n  f e a s i b l e  s t i l l  r e t a i n i n g  a Type 
I1 hydraul ic  system. 
2 
3 .  Steady s t a t e  cool ing   can   be   p rovided   by  6 3  R GH and 186 R GH on  the 
o r b i t e r  a n d   b o o s t e r ,   r e s p e c t i v e l y .  T h i s  n e c e s s l t a t e s   u s e  of 3 pump f e d  
s y s t e m  f o r  t h e  o r b i t e r  a n d  e i t h e r  a pump f e d  s y s t e m  o r  a n  i n t e g r a t e d  
LH ( s m a l l  APU s u p e r c r i t i c a l  GH t a n k   f e d   p e r i o d i c a l l y   b y  APS pump) 
system f o r  t h e  b o o s t e r .  2 2 
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Figure 107. Hydraulic  Cooling  System 
Figure 108. Ef fec t  of  Hydrogen Source  Temperature and MIL-H-5606 
I n i t i a l  Bulk Temperature on Transient  I leat ing Dura- 
t ion Booster  Cruise  
Y 
Figure 109. Effect of Hydrogen Source  Temperature and MIL-H-5606 
Initial Bulk Temperature on Transient Heating Duration 
Orbiter Re-&try 
Figure 110. Hydrogen Source  Temperature  Required  to  Limit 
Case  Drain Exit To 750°R at Ehd of Booster  Cruise 
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Figure 111. Hydrogen  Source  Temperature  Required To L i m i t  
Case Drain Exit t o  750°R a t  Ehd o f  Orbiter Re-Entry 
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APPENDIX B 
APU POlER-TIblE P R O F I L E   F O R   O R E I T E R  AND BOOSTER VEIIICLES 
T h e  p o w e r - t i m e  p r o f i l e s ,  f u r n i s h e d  b y  NASA,  f o r m e d  t h e  b a s i s  f o r  R o c k e t d y n e ' s  d i g -  
i t a l  APU p e r f o r m a n c e   p r o g r a m .   T h e s e   p r o f i l e s ,   f o r   b o t h   t h e   b o o s t e r   a n d   o r b i t e r  
v e h i c l e s ,  a re  shown i n   F i g .   1 1 2   a n d  113. 
TIME, SECONDS 
Figure 112. Booster  Power  Profile--Phase I1 
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Figure 1'13. Orbiter  Power Profile--Phase I1 
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APPENDIX C 
H Y B R I D  POWER CONTROL APU SYSTEMS 
E a r l y  i n  t h e  P h a s e  I1 p r o g r a m ,  p r i o r  t o  t h e  s e l e c t i o n  o f  a b a s e l i n e  d e s i g n ,  a n  
a n a l y t i c a l  s t u d y  was conducted of h y b r i d  APU systems.  .4 h y b r i d  s y s t e m  u t i l i z e s  
two  combustors: a con t inuous ly   ope ra t ed ,   p re s su re -modu la t ed   sus t a ine r   combus to r  
and e i t h e r  a pu lse-   o r   p ressure-modula ted   peaking   combustor .  The s u s t a i n e r  com- 
b u s t o r  i s  capable  of meet ing power  demands up t o  30 p e r c e n t  power l e v e l .  The 
peaking  combustor i s  i g n i t e d  t o  meet higher  power  demands. The o b j e c t i v e s  o f  a 
hybr id  sys tem are improved system S.P.C.  and el iminat ion of  a d e e p - t h r o t t l i n g  
(1O:l  f low  range)  combustor.  A d e s c r i p t i o n  o f  t h e  h y b r i d  s y s t e m  o p e r a t i o n a l  
c h a r a c t e r i s t i c s ,  d e s i g n  estimates o f  a hybr id ,  two-s t age  tu rb ine ,  and  a perform- 
a n c e  e v a l u a t i o n  a r e  p r e s e n t e d  i n  t h e  S i x t h  M o n t h l y  T e c h n i c a l  P r o g r e s s  Narrative,  
which is  e n c l o s e d   h e r e i n .  I t  was conc luded   t ha t   wh i l e   t he   hybr id   sys t em  cou ld  
f u n c t i o n a l l y  a c h i e v e  i t s  o b j e c t i v e s ,  t h e  p h y s i c a l  d e s i g n s  o f  b o t h  t h e  t u r b o p o w e r  
u n i t  and con t ro l  sys t em were excess ive ly  complex .  
The program objective is to provide  analysis  and  design  information 
for  gaseous  oxygen/hydrogen  auxiliary  power  units for the Space 
Shuttle  booster  and  orbiter  elements, with consideration  for  recover- 
able, fully reusable  designs. Input of this  information  into the APU 
tradeoff  studies  and  configuration  decisions w i l l  ensure  that APU 
specifications  are  reallstic  and  achievable, and wil l  provide a 
basis for  space  shuttle APU development programs. 
The  program  consists of two phases. Phase I encolapassed cmponent 
screening/system synthesis end evaluation  vith  the  objective of
selecting  a system with the  most  potential for meeting the  require- 
ments.  Phase I1 allows an in depth  design/analysis of the  chosen 
system. 
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DESCRIPTION OF PROGRESS 
The overal l  Phase I1 program progress i s  displayed in Figure 1. 
All planned work bas been completed on schedule. 
The Hybrid System Evaluation has been ccmpleted. Design estimates 
of a hybrid, two-stage pressure and velocity compounded turbine have 
been completed. Control systems were synthesized for both a hybrid- 
pressure modulated and hybrid-pulse system and an operational analysis 
was performed t h r m g h  use of analog models. A system performance 
analys3.s was completed t o  compare propellant related weights of the 
hybrid, pressure modulated and pulse systems using the Phase I1 
reference f l ight  prof i le .  
3c 3 
WASE 11-A -- SYSTEMS 
The hybrid system evaluation  effort ,  which w8s in i t ia ted   to   explore  
the potential system weight advantage over a pressure modulated 
system, has been completed. The evaluation consisted of three areas 
of act ivi ty:  
1. 
2. 
3. 
Synthesis of control systems and an operational analysis 
of both the hybrid-pressure modulated and hybrid-pulse 
power control system through use of the analog m o d e l .  
Design estimates of a hybrid, two stage, pressure and 
velocity compounded turbine. 
Performance analysis  to  compare propellant related 
weights of the hybrid, pressure modulated alad pulse 
power control systems. 
CONTROL SYSTEM SYNTHESIS AND OPE RATIO^ ANALYSIS 
Hybrid Pulse Peaking Combustor 
This control   u t i l izes  a pressure modulated sustainer cambustor and 
pulse m o d e  peaking combustor. A block-logic diagram of the control 
system is shown i n  Figs. 2a and 2b, and a turbine and gear box load 
torque-speed relationship is described i n  Fig. 3. Consider operation 
of the sustaining combustor a t  point P1, (Fig. 3)  holding design speed 
with the bipropellant valve modulating at 8ppraimately 60 percent 
open. As the gear box load is stepped up t o  100 percent power, the 
sustaining combustor bipropellant valve opens wide as speed drops 
(P1-P2). Speed continues to drop with the valves wide open ( P2-P3), 
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until the minimum speed limit i s  reached (98 percent). A t  t h i s  point,  
speed control switches over t o  the peaking combustor bipropellant 
valves, which are signalled open (P3-Pq) and the sustaining combustor 
valves are positioned at  a fixed value of 100 percent. Since the 
peaking combustor is  sized to provide 100 percent of maximum paver, 
the combined power of the sustainer plus peaking cmbustor i e  approxi- 
mately 140 percent. The TPU starts accelerating after the peaking 
valves open, and speed increases t o  the upper speed limit of 102 per- 
cent (P4-Pg) a t  which point the valves are signalled closed, and t o t a l  
power I s  provided only by the sustainer combustor. 
With reference to  the logic diagram of Fig. 2a, when gear box load 
demand i s  below 30 percent, speed control operates through the sus- 
tainer cunbustor bipropellant valvee, i.e., switch fl t o  posi t ion 
"0". The peaking ccmbustor valves are closed, i .e., switch #2 a t  "0". 
When load demand exceeds 30 percent, the austainer combustor can no 
longer maintain design speed, and speed drops t o  the lower speed band 
of 98 percent,  control  then  switches  over  to the peaking combustor 
(switch #2 pulses the valve open and closed t o  hold speed between 
k 2 percent). The sustainer  combustor bipropellant valves are placed 
on posit ion control (Irwitch #l t o  posit ion "1") wi th  the valves set at 
100 percent. 
I 
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BI-PRO- VALVE AT 
100% o m .  
C-D: !iXETAIHE.R COWWIG'LIIR BI- 
PRoPELsAIIT VALVE m PEAK- 
VALW AT looft 0- 
COMBUSTOR BI-PROPHJART 
Figve 3. Hybrid Paver Control 
( N e e  Peaking Combustor) 
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Hybrid-Pressure Modulated Peaking Combustor 
T h l s  hyhrld control u t i l i z e s  a pressure mcdulated sustainiw and 
peaking vmmm t.u, . A block-logic diagram of the control  syat;ern 1:; 
speed relatlonswLp is described i n  Fig. 5. Consider operation 01' 
the Rustaining combustor a t  point PI (Fig. 5 )  holding design Gpeed 
w i t h  the hipropell8nt valve modulating a t  approximately 60 percent 
open. As the qenr b a  load is stepped up t o  LOO percent power, the 
susta ining  combustor bipropellant valve opens wide as speed drops 
(P1-P2). Speed continueo t o  drop w i t h  the valves wide open (P2-P3), 
u n t i l  the minimum speed limit is  reached (n percent). A t  this 
point, speed control switches over t o  the peaking combustor bipropel- 
lant valves,  which are driven apen by the speed error signal, and the 
sustaining combustor valves ere! positioned at a fixed value of 7C 
percent. Speed continues t o  decrease until  turbine power exceeds 
the 100 percent load demand; the valves then modulate turbine power 
to   r e tu rn  t,he !CPU t o  the design speed at point P4. 
It is not  prac t ica l  to  design the peaking combustor bipropellant, 
valves w i t h  a requirement for  m o d u l a t i n g  below 2 t o  3 percent, due 
t o  the d i f f i cu l ty  of smooth combustion and maintaining proper m i x t u r e  
ratio. When the  peaking combustor is "on active speed control," a 3 .O 
percent minimum valve posi t ion is therefore established. In order  t o  
prevent speed control  fran cycling between the two combustors when 
pwer demsnde j u s t  exceed the eustainer,  the eustainer bipropell.ant 
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valves are positioned to 70 percent, thereby forcing the peaking 
combustor valves t o  a position greater than i ts  minimum of 3.0  per- 
cent. 
With reference t o  the logic dagram of Fig. 4a, when gear box load 
demand is  below approximately 30 percent, speed control operates 
through the sustainer combustor bipropellant valves i.e., switch #1 
on "O", and the valves are closed. When load demand exceeds 30 per- 
cent, the sustainer combustor can no longer laaintain design speed 
and speed drops t o  the lower speed band of 97 percent; control then 
switches over t o  the pesking combustor (switch #2 to  posit ion "1"). 
The sustainer valves are placed on position control (switch #l t o  
position "1") with the valves set a t  70 percent. 
TuRBINX DESIGN ESTIMATE 
Several factors have been studied to  determine their e f fec ts  on 
efficiency of the hybrid turbine. The ef fec t  of stage pressure 
r a t i o  s p l i t  is shown i n  Fig .  6 .  It w i l l  be seen that best sustainer 
flow path efficiency occurs when the first stage pressure  ratio is 
approximately twice tbt of the second stage. This condition results, 
however, i n  a second stage relative msch number of only 1.24 compared 
t o  the first stage value of 1.66. !he law second stage vslue presents 
a more severe design challenge than does the first stage. It is a180 
much more 8evtre than would be associated wi th  a more equal pressure 
s p l i t  . 
" . 
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Another factor shown i n  Fig. 6 as an extreme value is use of a 
velocity-compound lacrchine. This corresponds to a first stage 
pressure r a t i o  about X, times that of the second stage. The 
velocity-caupound machine M s  an efficiency lower than any of 
the pressure-compound machines investigated. 
The factors discussed above apply both to turbines where no inter-  
flow path leakage (l.e., i n t o  the peaking combastor flow path) is 
assuaeed as wel as t o  a case where leakage is  assumed. The amount 
of leakage assumed i n  Fig. 6 m y  be somewhat optimistic due t o  the 
unknown ef fec t  of t i p  leakage and leakage on the downstream side 
of the rotor. 
The worst possible leakage caSe is  seen i n  Fig. 7 as a function 
of axial and radial clearance values. Tbe worst case a t  a generoue 
0.015 in. clearance is  over six efficiency points lwer than the 
more optimistic case cited i n  Fig. 6 .  This case in  tu rn  was nearly 
ten points lower in eff ic iency than the case with no leakage. Thus, 
even the relatively optimistic leakage assumptions resulted i n  
greatly reduced efficiency while more pessimistic  aaswptions 
msult i n  unacceptably law efficiencies.  
FmFmWmcE AltAGYsIS 
The effect of the hybrid sustaining combustor power level on burned 
propellant weight is shown in Fig. 8. This was done for both the 
hybrid-pressure nodulated and hybrid-pulse p m r  ccmtrola. Turblne 
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eff ic iencies  corresponding t o  a relatively optimistic leakage 
assumption (Fig.  7) were used in the performance analysis. 
Also shown in Fig.  8 for comparison is burned propellant weight 
fo r  the pulse and pressure modulated control systems. 
!he Phase 1B booster power profile was used fo r  the duty cycle. 
The design points and operating conditions of the various hybrid 
combinations are also shown i n  the figure. A n  optimum  power level 
of 90 HP result fo r  the hybrid-pressure cmtrol. A paver level of 
106 HP for the hybrid-pulse sustainer combustor would provide the 
same mount of burned propellant (390 lbs), and result i n  a 96s 
reduction in required pulses vhen compared with a "pure" pulse power 
control. 
For e pure pulse system, a windage loss of approximately 6 HP was 
estimated at 12 p s i s  turbine exhaust pressure, based upon a correls- 
t ion with Racketdyne test data. Tbe ef fec t  of windage on propellant 
assumption is shown in Fig.  8. 
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APPENDIX D 
PROPELLANT  UTILIZATION  DIGITAL  PROGRAM  ANALYSIS 
Digital  computer  programs  were  written  to  determine  the  burned  propellant  required 
for a given  TPU  design  operating  over  the  booster  and  orbiter  mission  profiles. 
One program  (SSAPU3)  utilizes  pressure  modulation  control  and  the  other  (SSAPU4) 
pulse  modulation  control. The profiles  were  subdivided  into  many  slices (28 orbiter, 
26 booster) so that  the  program  could  handle  the  transient  duty  cycle  on  a  steady- 
state  basis,  greatly  simplifying  the  calculations.  In  addition  to  propellant  uti- 
lization  estimates,  the  programs  were  also  utilized  in  support of system  and TPU 
optimization  studies  and  to  determine  the  SPC  characteristic  with  power  and  altitude 
for  the  resulting  baseline  design.  Samples of program  output  for  the  optimum  pulse 
and  pressure  modulated  machines  are  presented  in  the  following  tabulation  for  the 
orbiter re-entry,  booster  cruise,  and peak  power  condition. 
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PRESSURE  MODULATION  CONTROL 
DESIGN  INPUT 
BOOSTER CRUISE 55 HP 
BOOSTER MAXIMUM POWER 
BOOSTER CRUISE 33 HP 
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PRESSURE  MODULATION  CONTROL 
(Continued) 
ORBITER  MAXIMUM POWER ORBITER  RE-ENTRY 
PULSE  POWER CONTROL 
DESIGN  INPUT 
S SAPU4 08:07 NAR J U N  08r 1971 
SSAPU  BURNED  PRBPELLANT  REQUIREMENT-PULSE  MBDULATED  CBNTKBL 
EXHAUST  DUCT-50  FEET LBNG, 4 I N C H   D I A D #  3 ELBBWS 
R EGENERATBR  DELTA  P=71O*FLQW SQUARED/AVE.  PRESS 
D E S I G N   E F F I C I E N C Y  < % / l o o )  
D ES I GN P T / P E  
D E S I G N  PT CMAXIMUM P S I A )  
D E S I G N  PBWER CHP) 
T P U  WEIGHT CLBS) 
TPU  INERTIA  CLB-FT-SECISQUARED) 
A D I A B A T I C  SPC CLB/HP-HR) 
M I X T U R E   R A T 1 0  
TURBINE  SPEED CHPM) 
T I P  SPEED  CFT/SEC) 
C0MBUSTIBN  TEMPERATURE  (DEG HI 
C0MBLTSTOH INLET  EMPERATURE (R) 
C - S T A R   E F F I C I E N C Y  C % )  
= 05716 
= 26.9 
= 390  
= 468.9 
= 1 1 0  
= 001142 
= 1.041 
= 0834 
= 60000 
= 1750 
= 2060 
= 650 
= 098 
221 
I 
PULSE POWER CONTROL 
( C o n t i n u e d )  
BOOSTER MAXIIiU" POWER 
O R B I T E R  hIAXI"M POWER ORBITER  RE-ENTRY 
0 N  PULSE  FL0W - LBS/SEC 
AVERAGE  FLaW - LBS/   SEC 
PR0PELLANT  WEIGHT - LBS 
SPC  LBIHP-HR 
TURBINE  SHAFT PBWER (HP) 
LOAD SHAFT PQWEH (HP) 
T U R B I N E   I N L E T   P R E S S U R E   ( P S I A )  
TURBINE  EXIT  PHESSURE ( P S I A )  
AMBIENT  PRESSURE ( P S I A )  
DUCT + REGENEHATBH  DELTA P 
DURATIBN - SEC0NDS 
PULSE  CYCLES 
PULSE O N  TIME  (SECQNDS)  
P U L S E   0 F F   T I M E   ( S E C Q N D S )  
PULSE  PERIBD  (SECQNDS 1 
-237212 
22 72  79 
5.45469 
1.9927 
428.849 
410.6 
390 
17.7559 
14.7 
3.05587 
24 
10.2587 
2.24151 
e097965 
2 -33948 
O N  PULSE F L 0 k  - LBS/SEC 
AVERAGE  FL0W - LBS/   SEC 
PRBPELLANT  WEIGYT - LBS 
SPC LB/HP-HR 
TURBINE  SHAFT PBWEH (HP)  
LBAD SHAFT  P0WER (HP)  
TURBINE  INLET  PdESSURE ( P S I A )  = 
TURBINE  EXIT  PRESSURE ( P S I A )  = 
A M B I E N T   P R E S S U R E   ( P S I A )  
DUCT + REGENEHATBH  DELTA P 
DURATION - SECONDS 
PULSE  CYCLES 
PULSE D N  TIME  (SECBNDS)  
PULSE OFF T I M E   ( S E C Q N D S )  
PULSE  PEt310D  (SEC0NDS)  
- - 
- - - - 
- - - - - 
- - 
- - 
- - 
- - 
- - 
- - 
- - 
023 72  12 
3.0Sl24E-2 
103 *285 
1 e94415 
453  0976 
56.5 
3 90 
10.1373 
0 
10.1373 
3385 
4230 77 
10291 5 
697 176 
-800092  
APPENDIX E 
TRANSIENT PERFORMANCE EVALUATION-ANALOG MODEL ANALYSIS 
Transient performance evaluation of t h e  APU ove r  t he  f l i gh t  ope ra t iona l  enve lope  
was performed with the aid of  an analog model constructed during the Phase I1 
study . 
Star tup  eva lua t ion  of a pulse system under varying environmental  conditions is 
p re sen ted  in  F ig ,  114  through 119. 
F ig .  No.  Run No. Condition 
114 372  Nominal in le t   condi t ions ;   ambient   p ressure  = 1 4 . 7   p s i a  
115  373 Same as  above  (compressed  time scale t o  view  long  time 
e f f e c t s )  
116 40 1 Nominal i n l e t   c o n d i t i o n s   e x c e p t   i n l e t  0 pressure  = 
1000 p s i ;  ambient pressure = 10 p s i a  2 
117  374  Nominal i n l e t   cond i t ions ;   p re s su re  = 0 . 5   p s i
118 416 Nominal in le t   condi t ions ;   ambient   p ressure  = 1 4 . 7   p s i a .  
APU brought "on l i ne"  in  l e s s  t han  2 .0  seconds  to  100- 
percent  power 
119  391 Nominal in le t   condi t ions ;   ambient   p ressure  = 14 .7   p s i a .  
APU hardware and h y d r a u l i c - l u b e  o i l  i n i t i a l i z e d  a t  400 R 
Power t rans ien ts  of  a pulse  system are  presented in  Fig.  120  and 1 2 1 .  
F i g .  No. Run  No. Condition 
120 376 Power sp ikes  40 t o  428 horsepower; P = 10 p s i a ;  
nominal i n l e t  c o n d i t i o n s  a 
121 386 Power sp ikes  40 t o  200 horsepower; Pa = 10 p s i a ;  
nominal i n l e t  c o n d i t i o n s  
The e f f e c t  o f  i n l e t  c o n d i t i o n  v a r i a t i o n s  on a pulse system is presented  in  F ig .  1 2 2  
and  123. 
Fig.  No. Run  No. Condition 
1 2 2  390 ACS oxygen  tank pump up, i . e . ,  a 2-second ramp in  GO supply 
temperature from 400 t o  200 R and GO2 pressure from ZOO t o  
1000 ps i ;  o the r  i n l e t  cond i t ions  nomina l  
123 380 Hydrogen supply  temperature   range  increase from 75 t o  375 R 
a t  100 R / s e c  w i t h  f u l l  h y d r a u l i c  c o o l i n g ;  o t h e r  i n l e t  c o n d i -  
tions nominal 
223 
A pulse  system shutdown i s  presented  in  F ig .  124  
F i g .  No. Run  No. Condition 
1 2 4  40 2 Shutdown,  nominal i n l e t  condi t ions;  Pa = 14.7   ps ia  
Some s e l e c t e d  r e s u l t s  o f  t h e  f a i l u r e  mode analysis conducted on a pulse system 
arepresented  in  F ig .  125  through  127. 
Fig.  No. Run  No. Condition 
125 426 Simulated  15-percent   reduct ion  in  GH in jec tor   f low  a rea   wi th  
turb ine  in le t  t empera ture  limit con t ro l  a t  40  horsepower; 
nominal i n l e t   c o n d i t i o n s ;  P = 10 p s i a  
2 
a 
126 409 Excessive  hydraulic  system  heat  load ( pproximately 69 Btu/ 
sec)  with lube oi l  temperature  limit con t ro l  a t  40 horse- 
power;  nominal i n l e t   cond i t ions ;  P = 10 p s i a  a 
127 419 Regenerator  bypass  valve  stuck  losed a t  40 horsepower; nom- 
i n a l  i n l e t   cond i t ions ;  P = 14 .7   p s i a  a 
S tar tup  eva lua t ion :  power t r a n s i e n t s ;  and i n l e t  c o n d i t i o n  v a r i a t i o n s  o f  a p re s su re  
modulated systemare presented in  Fig.  128 through 132. 
Fig.  No. Run No. Condition 
128 448 Nominal i n l e t   cond i t ions ;  P = 14.7   ps ia  
129 444 Nominal i n l e t   cond i t ions ;  P = 14 .7   p s i a  
130 504 Nominal i n l e t   cond i t ions ;  P = 10 p s i a ;  power s p i k e s ,  40 t o  
a 
a 
a 4 28 horsepower 
131 5 00 Nominal i n l e t   cond i t ions ;  P = 12  p s i a ;  power ramp 40 t o  428 
horsepower a 
132 450 I n l e t  oxygen pressure ramp from 520 t o  1000 p s i a  a t  250 p s i /  
sec ;  o ther  i n l e t  conditions  nominal; Pa = 1 4 . 7  p s i a  
224 
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Figure 114. Sea Level Startup--Pulse System 
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Figure 114.  (Continued) 
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Figure 114. (Continued) 
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Figure 114. (Concluded) 
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Figure 115. Sea Level Startup,  Thermal  Effects--Pulse System 
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Figure 116. Startup, High GO2 Supply Pressure--Pulse System 
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Figure 117 .  High-A1:itude Startup--Pulse System 
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Figure  118. Sea Level Startup, 2 Seconds to Maximum  Power--Pulse  System 
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Figure 119. -60 F, Sea Level Startup--Pulse System 
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Power  Spikes, Id1 Figure 120. e t  o Maximum--Pulse  System 
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Figure 121.  Power Spikes ,  Id l e  t o  200 Horsepower--Pulse  System 
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Figure 1 2 2 .  Response t o  ACS GO, Tank Pumpup--Pulse  System 
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Response to ACS GH2 Temperature Change--Pulse System 
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Figure 124 .  Sea Level Shutdown--Pulse System 
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Figure  126. FMA, Hydraulic System Excessive Meat Load--Pulse  System 
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Figure 127. FMA,  Regenerator Bypass Valve Closure--Pulse System 
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Figure 128. Sea Level  Startup--Pressure  Modulation System 
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Figure 130. Power Spikes, Idle to Maximum--Thermal Pressure Modulation System 
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Power  Ramps,  Idle to Maximum--Pressure Modulation Sy.s t e m  
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Figure 132. Response to ACS GO2 Pressure  Change--Pressure Modulati stem " Lira 
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